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ABSTRACT  
   

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) is the causative 

pathogen of Coronavirus Disease 2019 (COVID-19). Successful vaccination aims to 

elicit neutralizing antibodies (NAbs) which inhibit viral infection. Traditional NAb 

quantification methods (neutralization assays) are labor-intensive and expensive, with 

limited practicality for routine use (e.g. monitoring vaccination response). Thus, a rapid 

(10-minute) lateral flow assay (LFA) for quantification of SARS-CoV-2 NAbs was 

developed. Using the NAb LFA, an 18-month longitudinal study assessing monthly NAb 

titers was conducted in a cohort of over 500 COVID-19 mRNA vaccine recipients. Three 

NAb response groups were identified: vaccine strong responders (VSRs), moderate 

responders (VMRs), and poor responders (VPRs). VSRs generated high and durable NAb 

titers. VMRs initially generated high NAb titers but showed more rapid waning with time 

post-vaccination. Finally, VPRs rarely generated NAb titers ≥1:160, even after 3rd dose.  

Although strong humoral responses correlate with vaccine effectiveness, viral-

specific CD4+ and CD8+ T cells are critical for long-term protection. Discordant 

phenotypes of viral-specific CD8+ and CD4+CXCR5+ T follicular helper (cTfh) cells 

have recently been associated with differential NAb responses. The second portion of this 

dissertation was to investigate whether/how SARS-CoV-2 T cell responses differ in 

individuals with impaired NAb titers following mRNA vaccination. Thus, phenotypic and 

functional characterization of T cell activation across NAb response groups was 

conducted. It was hypothesized that VPRs would exhibit discordant SARS-CoV-2 T cell 

activation and altered cTfh phenotypes. Peripheral blood mononuclear cells were isolated 

from VPRs, VMRs, VSRs, naturally infected, and normal donors. SARS-CoV-2 



  ii 

responsive T cells were characterized using in vitro activation induced marker assays, 

multicolor flow cytometry, and multiplex cytokine analysis. Further, CXCR5+ cTfh were 

examined for chemokine receptor expression (CCR6 and CXCR3). Results demonstrated 

that despite differential NAb responses, activation of SARS-CoV-2 responsive CD4+ and 

CD8+ T cells was comparable across NAb groups. However, double-positive CD4+CD8+, 

CD8low, and activated CD4+CXCR5+CCR6-CXCR3+ (Tfh1-like) T cells were expanded 

in VPRs compared to VMR and VSRs. Interestingly, a unique population of 

CD8+CXCR5+ T cells was also expanded in VPRs. These novel findings may aid in 

identification of individuals with impaired or altered immune responses to COVID-19 

mRNA vaccination.  
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CHAPTER I 

INTRODUCTION 

 

Coronaviridae familial introduction—seasonal(s), SARS, and MERS 

Viral family Coronaviridae compose a large group of positive sense, single-

stranded, enveloped RNA viruses, and are causative pathogens for many seasonal 

illnesses that cause disease in human populations annually.1 Several seasonal 

coronaviruses include those that cause “common cold” symptoms, such as human 

coronavirus (HCoV) OC43, HKU1, NL63, and 229E.2 Other members of Coronaviridae 

can cause more severe disease phenotypes with increased fatality and hospitalization 

rates, such as severe acute respiratory syndrome coronavirus (SARS-CoV) and middle 

eastern respiratory virus syndrome coronavirus (MERS-CoV).  

SARS-CoV was first detected late 2002 in the Guangdong Province of China, 

prior to spreading to Hong Kong,3 and rapidly leading to outbreaks in Singapore, 

Toronto, and Vietnam.4,5 Cumulatively, from emergence in 2002 through 2004, there 

were more than 8,000 documented cases of SARS-CoV infection and over 900 known 

deaths (an estimated fatality rate of approximately 10%).6 In contrast, MERS, first 

detected in 2012 in Saudi Arabia,7 has a much higher fatality rate of nearly 41%, as more 

than 900 deaths and at least 2,600 cases have been documented to date. 8 A subsequent 

2015 MERS outbreak in Republic of Korea resulted in an additional 186 cases and 38 

fatalities,9 though was comparably well contained. Treatment availability at the height of 

the MERS epidemic lacked in specificity,10 as main therapeutic interventions involved 

treatment of symptoms adjunct to oxygen and hydration support. Although, several case 
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studies were reported to have used corticosteroids, interferons, remdesivir, various 

experimental treatments, and convalescent plasma transfusion,11,12 intervention strategies 

were subject to availability and case severity at that time.  

Convalescent plasma refers an antibody-rich component from the blood of a 

previously infected and recovered individual. Convalescent plasma transfusion refers to 

the isolation and intravenous (IV) transfer into a patient with active infection (Figure 1), 

ideally, early in disease.13 Although clinical outcomes CP use have historically been low, 

several decades of literature to support the use in emergency pandemic or epidemic 

circumstance, and reduction in mortality has been associated with CP use for various 

infectious diseases.14 The basis of CP is founded upon an immunologic concept of 

passive immunity, or the transfer of antibodies from one individual to another.15 Passive 

immunity as both a prophylactic and/or therapeutic method of intervention has long been 

used in an emergency response to infectious disease settings.16 In 2013-2016, CP was 

used during the Ebola outbreak in West Africa,17 in the SARS-CoV and MERS-CoV 

outbreaks,18 as well as in 2019 and 2020, in the infancy of the SARS-CoV-2 pandemic.19  
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Figure 1. COVID-19 convalescent plasma as a treatment for active SARS-CoV-2 
infection. Flowchart infographic diagram demonstrating COVID-19 convalescent plasma 
(CCP) generation from: (1) infection and immune response, (2) recovered individuals 
generate antibodies that can neutralize viral infection, however, binding antibodies 
perform functions that are different to that of neutralizing antibodies (NAbs), a critical 
component of CCP. (3) Patients recovered from COVID-19 donate plasma, a component 
of blood rich in antibodies using a blood separation system known as plasmapheresis. (4) 
Plasma is tested for SARS-CoV-2-specific anti-spike antibodies. (4a) Total anti-Spike 
antibodies are quantified according to approved diagnostic assays and guidelines per an 
Emergency Use Authorization (EUA) issued by FDA. (4b) COVID-19 NAb lateral flow 
assay (LFA), developed with the intention to be utilized as a screening tool for selection 
of CCP samples with highest titer NAbs, such that these CCP units may be allocated to 
the most severely ill patients. (5) Representative study demonstrating CCP with 1:640 
NAb titer administered to severe COVID-19 patients on supportive care in hospital, and 
the associated results.20 Results shown here are for figurative demonstration only, and are 
not formally a part of this dissertation, although we applaud authors for their NAb 
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quantitation prior to CCP administration and resulting work. This figure was generated 
using BioRender.com and adapted from template figures made by Daniel Smith and Lisa 
Vrooman.   
 
 

SARS-CoV-2 pathogenesis and transmission 

SARS-CoV-2, like many other coronaviruses, can infect a variety of host 

species.21 Zoonotic diseases (zoonoses) are those that infect humans and animals, most 

commonly via animal-to-human transmission,22 although case reports have documented 

human-to-animal transmission in rare circumstances (reverse-zoonoses).23 Seasonal 

coronaviruses often infect multiple different host species prior to infecting humans. For 

example, human coronavirus (HCoV)-NL63, and HCoV-229E are found in bats as a 

natural reservoir, with camelids being an intermediate host of 229E, prior to inducing 

mild infection in humans (Figure 2).21 Additional seasonal CoVs include HCoV-OC43 

and -HKU1. Although these viruses are primarily found in rodents as a natural reservoir, 

-OC43 has been observed to infect cattle as a host intermediate to humans. 21, 24 
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Figure 2. Animal origins of human coronaviruses. Demonstration of zoonotic 
transmission and interspecies spillover events for major human pathogenic coronaviruses. 
Seasonal CoVs, HCoV-NL63, 339E, OC43, and HKU1 all cause similar-phenotype mild 
infections (yellow arrow) in humans, are genetically distinct and have differing 
transmission lineage.  HCoV-NL63 and 229E viral progenitors have been both been 
found in African bats, and while camelids are the most likely intermediate host for 229E, 
the intermediate host for HCoV-NL63 is unclear. HCoV-OC43 and HKU1 likely 
originated in rodents, and OC43 is also known to infect cattle, although the transmission 
lineage is unclear. SARS-CoV emerged through a recombination of bat SARS-related 
coronaviruses that led to infection of civets, and causes severe infection in humans (red 
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arrow). MERS-CoV, also originally found in bats, is prevalent in dromedary camel 
populations (likely intermediary host), and causes severe infection in humans. Severe 
acute diarrhea syndrome coronavirus (SADS-CoV) is of recent emergence in piglets and 
is caused by a novel strain of Rhinolophus bat coronavirus HKU2; there is no current 
evidence of SADS in humans. Image taken from: Cui, J., Li, F. & Shi, ZL. (2019) Origin 
and evolution of pathogenic coronaviruses. Nature Reviews Microbiology 17, 181–192.25 
Image used in accordance with the Springer Nature Copyright license.  
 

SARS-CoV and MERS-CoV both cause severe upper respiratory disease in 

humans and have mortality rates higher than that of SARS-CoV-2.26 Although not 

depicted in Figure 2, SARS-CoV-2 was shown to have high sequence similarity with 

horseshoe bat-derived SARS-like viruses,27 but is more genetically distant from SARS-

CoV, hence the original classification as 2019 novel coronavirus (2019-nCov).28 SARS-

CoV-2 has been documented to infect a variety of animals,21 and abundant evidence 

supports the originating reservoir as the horseshoe bat.29,30 However, identification of an 

intermediate host remains unclear, despite some evidence suggesting pangolin etiology.31 

In addition to various experimental animal models of infection, several other species have 

been naturally infected with SARS-CoV-2 consequent to reverse-zoonosis events 

(human-to-animal transmission) (Figure 3).21 Given the relative recent emergence of 

SARS-CoV-2, it is likely that many cross-species spillover recombination events have yet 

to come.  
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Figure 3. SARS-CoV-2 in Domestic and Wild Animals. (A) Disease ecology of SARS-
CoV-2. Available evidence suggests that SARS-CoV-2 originated in a horseshoe bat and 
was then either transmitted directly to humans or through an unidentified intermediate 
host. Species with documented human-to-animal natural SARS-CoV-2 infections 
(reverse zoonosis events) are listed, as is the documented mink-to-human transmission of 
SARS-CoV-2 (red arrow). Created with BioRender.com. (B) List of documented species 
that have either been experimentally or naturally infected with SARS-CoV-2 as of 
August 2021. Species that are generally susceptible to SARS-CoV-2 are listed in red, 
marginally susceptible species are listed in cyan, and generally resistant species are listed 
in blue. Clear evidence of outwardly observable clinical signs (violet circle), shedding of 
infectious virus (orange circle), animal-to-animal transmission (blue circle), and mortality 
(red circle) upon infection is shown for each species. Species considered strong (red 
triangle) or potential (yellow triangle) research models are noted, as well as species with 
a potential public health concern (red square). Phylogenetic tree was produced using the 
phyloT v2 server (https://phylot.biobyte.de, accessed on 26 June 2021) based on the 
NCBI taxonomy database. Image and legend taken from: D. A. Meekins, N. N. 
Gaudreault, and Juergen A Richt. (2021). Natural and Experimental SARS-CoV-2 
Infection in Domestic and Wild Animals, Viruses.21 Image used in accordance with the 
Creative Commons Attribution license. 
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Rapid Lateral Flow Assay to Detect SARS-CoV-2 Neutralizing Antibodies 

In May of 2020, with the goal to provide hospitals and blood centers with a rapid 

test that could quantify SARS-CoV-2 neutralizing antibodies (NAbs), we developed a 10-

minute functional lateral flow assay (LFA) that quantitatively measures SARS-CoV-2 

NAbs using a 10 µL drop of blood or 6 µL of plasma/serum (Figure 4) (Chapter II).32 

The original intention of this project was to develop a rapid, quantitative, COVID-19 

NAb LFA for use in a point-of-care setting using plasma or whole blood, such that 

convalescent donors, or units of plasma, could be screened prior to selection for use as  

COVID-19 convalescent plasma (CCP).     



  9 

 
Figure 4. Rapid lateral flow assay to detect SARS-CoV-2 NAbs. COVID-19 
convalescent plasma (CCP), serum, or whole blood from a finger-stick can be transferred 
to the sample pad, followed by chase buffer, and let run for ten minutes undisturbed. The 
test was developed to be used with plasma, serum, or whole blood.32 Methods include 
transfer of 10 µL whole blood or 6 µL plasma or serum, followed by 50 µL (two drops) 
of chase buffer, and 10 minutes run time. Results may be visually interpreted or 
quantified via portable densitometer, RDS-2500 (Detekt Biosciences, REF).Visual results 
are most simply interpreted on a tertiary scale – high NAb (faint/absent test line), 
moderate NAb (weak/visible test line), and low/no NAb (strong/dark test line). Assay 
mechanics are described in subsequent figures.  
  
 
 
 
SARS-CoV-2 emergence, expansion, and evolution 

 In early December of 2019, a viral pneumonia of unknown etiology emerged in a 

small group of patients in Wuhan, China.33 It wasn’t until the end of December that 

Chinese Center for Disease Control (CDC) informed the World Health Organization 

(WHO) of the novel pneumonia. The following week, Chinese officials activated a Level 

2 emergency, just days prior to the first isolation of severe acute respiratory syndrome 

coronavirus-2 (SARS-CoV-2). By early January of 2020, the first genomic sequence of 

SARS-CoV-2 was shared publicly.34 The first laboratory confirmed case in the United 

States (US) was isolated in Washington State on January 18th,35 and additional cases were 

reported in Illinois, California, and Arizona later that week, increasing the US case total 

to five individuals.36   

In the last week of January, as Wuhan was placed under lockdown and 

documented case reports approached 300, the WHO declared a ‘public health emergency 

of international concern’ on January 30th, 2020.36 As global deaths resulting from SARS-

CoV-2 infection surpassed 1,000, WHO published the official name for the disease 
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associated with the novel viral outbreak,37 Coronavirus Disease 2019 (COVID-19). Late 

February, just one month after WHO declared an international emergency, more than 

82,000 cases had been reported in at least 47 countries.36 The first death in the US was 

reported days later. 38 

 March of 2020 was a pivotal moment for the US, as case numbers approached 

100 for the first time, and were reported across several states, spanning the US coasts.36 

In the days following, the Grand Princess cruise ship became stranded along the northern 

California coastline, and at least 21 confirmed infections were noted upon arrival.39 On 

March 11th, 2020, WHO formally declared COVID-19 a pandemic as infections 

surpassed 118,000 and deaths neared 4,300 in 114 countries.40 As state-implemented 

shutdowns began on March 16th, the first human clinical trials of mRNA vaccines 

designed against SARS-CoV-2 spike protein,41 directed by Moderna Therapeutics and the 

National Institute of Health (NIH) were initiated. This vaccine, mRNA-1273, alongside 

many others that were developed at the same time using similar molecular platforms, 

revolutionized and modernized immunization. Although a human experiment so 

grandiose had yet to be conducted with respect to the mRNA vaccination platform, it 

certainly was not the first introduction of mRNA, DNA, or recombinant protein vaccines 

to the scientific and healthcare communities. 42,43,44 

As vaccine companies raced to demonstrate safety and efficacy of their COVID-

19 vaccines, researchers around the world began development of new diagnostic 

platforms, and therapeutics such as antivirals and monoclonal antibodies. Meanwhile, 

therapeutic options were limited, but included at the time the use of IV corticosteroids, 

interferons, monoclonal antibodies, various repurposed and experimental antivirals,45,46 
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intravenous immunoglobulin (IVIG),47 mechanical ventilation, and extracorporeal 

membranous oxygenation (ECMO). Notably, for a period from approximately March 

through July of 2020, the use of COVID-19 Convalescent Plasma (CCP) was 

mainstreamed by several major hospitals throughout the US as a first-line treatment for 

COVID-19,48 as monoclonal antibodies had not yet been developed or approved by 

regulatory agencies. However, available therapeutics were failing for many patients, and 

personal protective equipment (PPE) availability was exhibiting a national shortage.36 As 

May of 2020 approached, infections and hospitalizations continued to rise, while deaths 

in the US surpassed 100,000.36 Early in our NAb LFA development and validation 

phases, we conducted several experiments using the rapid test that demonstrated a vast 

heterogeneity of NAb responses to SARS-CoV-2 natural infection, as is supported 

extensively in the current literature. 49,50,51 

In collaboration with Mayo Clinic Hospital of Phoenix, Arizona, we used our 

NAb LFA to measure the titer of neutralizing antibody contained within a small volume 

of leftover CCP IV tubing segments. In line with literature at the time, our data from this 

study supported the observation that approximately 30% of naturally infected individuals 

failed to generate detectable NAbs during early convalescence.52 Most notably, these data 

demonstrated that only a small portion of plasma samples contained highly neutralizing 

antibodies (Figure 5), although the term ‘highly neutralizing’ is relative and dependent 

on the neutralization test. The remaining majority of convalescent plasma samples 

contained moderate and low levels of SARS-CoV-2 receptor binding domain (RBD) 

NAbs. Nonetheless, samples possessing either high, moderate, or low neutralization 

capacity were equally used for transfusion of hospitalized COVID-19 patients, as the 
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anti-Spike antibody thresholds, determined by approved diagnostic standards 

implemented by an EUA issued at the time,53 had been met. Follow-up clinical studies 

with this sample set were not performed in our laboratory.  

 

 
Figure 5. NAb LFA Evaluation of COVID-19 Convalescent Plasma. De-identified IV 
tubing segments leftover from clinical transfusion protocols were frozen following CCP 
administration for allocation to research facilities. Convalescent sera (N = 97) were run 
on the COVID-19 NAb LFA developed previously in our laboratory.32 Six microliters of 
serum were used per sample, followed by two drops (50 µL) of chase buffer. All tests ran 
undisturbed on a flat surface for ten minutes prior to reading. Tests were read on a RDS-
2500 (Detekt Biomedical) portable densitometer for quantitation of control and test line 
densities. De-identified CCP tubing segments (x-axis) are graphed by test line density 
units (y-axis) in ascending order. Samples are grouped by high titer (≥1:320, green, n = 
47), moderate (< 1:160, ≥ 1:80, yellow, n = 23), and low (< 1:80, red, n = 27) titer NAbs, 
in addition to a highly neutralizing and non-neutralizing control (blue).  

 

COVID-19 Convalescent Plasma (CCP) 

Administration of CCP was both highly political and experimental in the context 

of SARS-CoV-2 and COVID-19 treatment. Historically, dating back to the late 19th and 

early 20th century, convalescent serum or plasma has been used to treat infectious disease 
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in the context of tetanus, diphtheria, influenza (1918 pandemic), measles, SARS-CoV, 

H1N1, MERS-CoV, Ebola virus, and recently, SARS-CoV-2.14 Metanalyses comparing 

studies from the past 150 years have found associations between CP transfusion and 

reduced mortality rates in infectious disease ranging from 10-100%. 54,55 Altogether, 

therapeutic efficacy of CP transfusion varies depending on the virus, disease, donor, and 

recipient.  

While there are transfusion-associated risks that have been identified such as 

circulatory overload and acute lung injury,56 convalescent plasma, particularly in the 

setting of novel infectious disease, is regarded as an empiric therapeutic, that may 

temporally bridge the gap between preventative vaccine and/or therapeutic monoclonal 

antibody development in a future pandemic setting.14 Emergency Use Authorization 

(EUA) was issued for CCP use in hospitalized patients with COVID-19 by the Food and 

Drug Administration (FDA) on August 23, 2020.53 However, it is important to note that 

CCP administration without the widescale and standardized quantification of SARS-

CoV-2 NAbs in each sample prior to transfusion, given the technology is available 

beyond our lateral flow assay, likely contributes to the variable efficacies reported in 

retrospective metanalyses.57,58  Unsurprisingly, one COVID-19 retrospective analysis 

demonstrated a reciprocal dose-dependent relationship between mortality rate and level 

of NAb levels in the CCP transfused into the SARS-COV-2-infected patient,59 

highlighting a critical need for widescale quantitation of SARS-CoV-2 NAbs in sero-

banked CCP units, for example.   

To quantify NAb titers by traditional methodology, live virus must be used under 

high-containment biosafety level 3 (BSL-3) conditions by highly trained, skilled 
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laboratory personnel. The current gold-standard assay used for NAb titer quantitation is a 

viral focus forming assay (FFA), or focus-reduction neutralization test (FRNT), a more 

high-throughput version of the viral plaque reduction test (PRNT).60 The protocol for 

these assays (Appendix C, FRNT Protocol), while sufficiently optimized, is time-

consuming, laborious, expensive, requires specialized BSL-3 facilities, highly trained 

personnel, and requires extensive incubation time (Figure 6). Briefly, convalescent or 

vaccinated serum is incubated with virus, prior to plating serum and virus on permissive 

and susceptible cells. Virus not neutralized by antibodies then infects cells and nearby 

neighboring cells, forming viral foci or groups of virally infected cells. After incubation, 

viral inactivation, decontamination, and several rounds of washing, the plates are 

transported to BSL-2 laboratory conditions for immunostaining. An additional day is 

required for staining, and plates can be read the following day prior to data analysis and 

curation. In total, these experiments require a minimum of four consecutive hands-on 

laboratory days, the majority of which is spent in high-containment facilities. A goal of 

developing the rapid COVID-19 NAb LFA was to provide a surrogate to these gold-

standard assays, which could provide quantitative and accessible SARS-CoV-2 NAb data 

in a laboratory, point-of-care clinical, or at-home setting in a cost-effective and accessible 

manner, without the need for high-containment facilities.   
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Figure 6. Focus Reduction Neutralization Test (FRNT) methodology. Graphical 
representation of methods required for FRNT or FFA experiments. On the day prior to 
infection (Day -1), Vero-E6 (REF ATCC) cells must be plated at a density of 2-2.5*10^4 
cells/well in 0.1 mL of cDMEM containing 10% FBS. On the day of infection (Day 0), 
serum is serially diluted in duplicate wells of a 96-well V-bottom plate in infection 
medium (See Appendix C for protocol and reagents). In the BSL-3 facility, virus is added 
to diluted sera and incubated for one hour at 37°C/5% CO2 to allow for antibody binding. 
After one hour, virus and sera are transferred to Vero-E6 cells, then incubated for another 
hour at 37°C/5% CO2 to allow for initiation of infection. All wells are then overlay with 
equivalent volumes of 2% methylcellulose in 2X minimal essential medium (MEM) 
containing 4% FBS. After methylcellulose overlay is applied, plates are incubated at 
37°C/5% CO2 for 24 hours. Following incubation (Day 1), overlay is aspirated, and cells 
with virus are fixed in 4% paraformaldehyde (PFA) for 20 minutes at room temperature. 
All plates are washed six times in permeabilization buffer (See Appendix C), covered in 
PBS, and thoroughly decontaminated prior to removal from BSL-3 facilities. Plates are 
then transferred to a BSL-2 laboratory for immunostaining of virally infected cells. On 
multi-infection weeks, we applied primary antibody on the evening of Day 1 and 
incubated overnight at 4°C. On Day 2, fixed cells are probed with secondary antibody, 
washed, and developed with KPL TrueBlue substrate for 15 minutes at room temperature. 
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Plates are stopped in deionized water, let dry by inverting on paper towel, and stored 
away from light. On Day 3, dry plates are imaged on an AID ELISPOT reader for 
quantification of virally infected foci per well. Data are exported to Microsoft Excel and 
transferred to GraphPad Prism v10 for further analysis. A maximum of five donors per 
plate (and one positive and negative control) can be included. A maximum of four plates 
per (20 donors total) were allowed per infection. In ideal circumstances, it is possible to 
perform two infections per week (8 plates, 40 donors total). 
 

The first therapeutic monoclonal antibody (mAb), Bamlanivimab was issued EUA 

on November 9th of 2020 (subsequently revoked),61 just days after the US broke records 

with 100,000 new cases within 24 hours.36 Mid-November, Moderna SARS-CoV-2 

mRNA vaccine, mRNA-1273, was reported to be 95.4% effective,62 per their phase III 

clinical data.63 Two days later, Pfizer-BioNTech announced the 95% efficacy of their 

mRNA vaccine, BNT162b2.64,65 One month later, by mid-December of 2020, both 

vaccines had been issued EUA and were preparing for distribution to the US 

population.66 While this was undoubtedly ill-perceived as an unusually brief amount of 

time for safe and effective vaccine development by the American public, it is important 

to note the profoundly rich history in molecular biology and viral immunology that 

precedes the development of mRNA-1273 and BNT162b2; a vast majority of which, 

outside the scope of this dissertation.  

 

mRNA vaccines – prelude and present-day status 

 Earlier in 2019, prior to the SARS-CoV-2 pandemic, Moderna published data 

demonstrating phase I clinical trial of two influenza mRNA vaccine candidates.67 Prior to 

that, in 2017 as a response to the Zika outbreaks in Brazil in 2015-2016,68 a DNA-based 

Zika vaccine candidate entered phase-I clinical trials in August 2016 at NIAID,69 was 
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optimized, and entered phase-II in March of 2017.70 For many years prior to DNA and 

mRNA vaccination, recombinant surface antigen (protein) vaccines were used as an 

alternative option for immunocompromised individuals, as many live-attenuated vaccines 

can be replication competent or may contain infectious material.71,72 Recombinant 

antigen vaccines were first used in 1986 when Merck commercialized a recombinant 

hepatitis B surface-antigen subunit vaccine made using recombinant DNA technology,73 

and have become increasingly used since.74,75 Additional examples of recombinant 

vaccines for infectious disease includes: Lyme disease, Varicella Zoster virus/Shingles, 

human papilloma virus, malaria, influenza A and B, hepatitis E, and most recently, 

SARS-CoV-2. 75 

 Vaccines developed specifically for SARS-CoV-2 come in many forms. Most 

notably, the mRNA vaccines developed by Moderna and Pfizer, mRNA-1273 and 

BNT162b2, respectively, although many candidates were evaluated in early trials.76 

Pseudotyped viral vector vaccines use an unrelated virus to deliver SARS-CoV-2 genetic 

material to host cells, such as Ad26.COV2.S, an adenovirus vector-based vaccine 

developed by Johnson and Johnson,77 and ChAdOx1-S adenoviral vector-based vaccine 

developed by Astrazeneca/Oxford.78 Several recombinant protein vaccines using full-

length spike protein or spike receptor binding domain (RBD) were also developed.79 

Notably, a recombinant stabilized spike-protein vaccine, Novavax,80 in addition to 

numerous other novel vaccine platforms that were developed during this mid- to late-

2020 time period. 81 

As our NAb LFA clinical agreement and validation studies were nearing 

completion at the end of 2020 (See Appendix B, Clinical Agreement and Validation), 
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convalescent plasma had become controversial and near obsolete after the development 

of neutralizing monoclonal antibody therapies. After mRNA-1273 and BNT162b2 were 

issued EUA by FDA, vaccine distribution began in the final weeks of December 2020.36 

Although we intended our rapid NAb LFA to be used as a tool for blood centers to 

evaluate CCP, we anticipated that it could also be used to assess NAb responses in 

vaccine recipients. In the US, the first 50 million doses of COVID-19 mRNA vaccine 

were administered by February of 2021, and the first 100 million doses by March 2021.36 

However, while many people in the US waited in line for their chance at vaccination, 

SARS-CoV-2 variant B.1.617.2 (Delta) emerged, expanded, became the dominant variant 

in circulation in early July of 2021, peaking in early September, 2021. 82   

We conducted an 18-month longitudinal study of COVID-19 mRNA vaccine 

recipients which measured vaccine-induced NAb levels in more than 500 individuals. 

Study participants were tested prior to and after first, second, and third vaccine doses. All 

subjects included within the formal analyses presented in this dissertation were 

immunized with mRNA-1273 (Moderna) or BNT162b2 (Pfizer) vaccines. If subjects 

were clinically diagnosed with COVID-19 (natural infection), the data from that subject 

were excluded thereafter, for the remainder of the mRNA vaccine study.  

 Our longitudinal study (Chapter IV) identified three distinct NAb response groups 

that exhibited strong, moderate, and poorly neutralizing antibody responses following 

COVID-19 mRNA vaccination. These groups are hereinafter referred to as vaccine strong 

responders (VSRs), moderate (VMRs), and poor responders (VPRs) (Figure 7). 

Following a two-dose mRNA vaccination regimen, VSRs generated the highest NAb 

titers and maintained these titers longer than VMRs. VMRs initially mounted a high titer 



  19 

NAb response, however, their titers waned more rapidly than VSRs. Most VPRs 

developed only low titer NAb responses, if any, typically demonstrating less than 50% 

neutralization (<1:160 NAb titer).  In December of 2021, we submitted for publication an 

article demonstrating that some of the individuals categorized as VPRs after a two-dose 

mRNA vaccine regimen could be rescued by a third mRNA vaccine dose, regardless of 

vaccine manufacturer (Chapter III).  Individuals for whom vaccine-induced NAbs failed 

to exceed 50% neutralization after both second and third doses, and/or NAbs declined 

below 50% neutralization ≤ three months post-3rd vaccination dose, were categorized as 

VPRs in all subsequent analyses. 

 

 
Figure 7. Longitudinal SARS-CoV-2 NAb quantitation in VPR, VMR, and VSR 
groups. Data are represented as mean percent neutralization over time, for each 
respective group. Blue line denotes vaccine poor responders (VPRs), red line denotes 
vaccine moderate responders (VMRs), and green line denotes vaccine strong responders 
(VSRs). Timepoints include pre-2nd dose, post-2nd dose, and months 2-6 following 2nd 
dose. The same timepoints were used for data collection and analysis following 3rd dose. 
*Pre-2nd and pre-3rd dose timepoint data were collected ≤ 7 days prior to vaccination 
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dose. ** Post-2nd and post-3rd dose timepoint data were collected 2-4 weeks after 
vaccination dose. Data used to generate this graph were selected only from VPR (n=11), 
VMR (n=5), and VSR (n=7) individuals included in subsequent analyses (Chapter VI).  
 

 

Throughout the entirety of our longitudinal study, as illustrated by the 

publications described in Chapters II—IV, there remained a small population of 

otherwise healthy individuals (independent of sex and age), that failed to generate high 

titer mRNA-vaccine induced NAbs; true VPRs. We first questioned if spike-specific 

CD4+ and CD8+ T cell responses were intact in these individuals, and if so, was there 

evidence of compensatory activation in either VPR T cell compartment, as compared to 

VMRs and VSRs? We hypothesized that discordant T cell abundance and activation 

would be evident between groups, in CD4+ and/or CD8+ T cell compartments following 

24-hour stimulation with spike-peptide megapools (Chapter VI).  

The culminating work of this dissertation aimed to investigate T cell responses in 

individuals with impaired NAb responses to SARS-CoV-2 mRNA vaccination, relative to 

those with strong NAb responses. Using activation induced marker (AIM) assays and 

multicolor flow cytometry, we quantified SARS-CoV-2 specific CD4+ and CD8+ T cell 

responses in VPRs, VMRs, and VSRs. Additionally, we compared T cell responses of our 

cohort to naturally infected individuals (NIs) and normal donors (NDs). We also sought 

to investigate T follicular helper cells (Tfh) within these NAb response groups, as Tfh 

cells are known helpers in the overarching antibody response to immunization.83 We 

hypothesized that VPRs could be identified by discordant frequencies of activated CD4+ 
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and CD8+ T cells, as well as frequency of CD4+ Tfh cells by phenotype, in comparison to 

VMRs and VSRs.  

Finally, Chapter VII, entitled “Discussion” will discuss broader impacts and 

potential implications of the findings presented in Chapters II-VI, as well as remaining 

questions and future experiments elicited by the project that may be addressed should a 

curious lab mate find inspiration in this dissertation following my departure.  
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CHAPTER II 

DEVELOPMENT OF A RAPID POINT-OF-CARE TEST THAT MEASURES 

NEUTRALIZING ANTIBODIES TO SARS-COV-2 
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Abstract 

Background: After receiving a COVID-19 vaccine, most recipients want to know 

if they are protected from infection and for how long. Since neutralizing antibodies are a 

correlate of protection, we developed a lateral flow assay (LFA) that measures levels of 

neutralizing antibodies from a drop of blood. The LFA is based on the principle that 

neutralizing antibodies block binding of the receptor-binding domain (RBD) to 

angiotensin-converting enzyme 2 (ACE2). Methods: The ability of the LFA was assessed 

to correctly measure neutralization of sera, plasma or whole blood from patients with 

COVID-19 using SARS-CoV-2 microneutralization assays. We also determined if the 

LFA distinguished patients with seasonal respiratory viruses from patients with COVID-

19. To demonstrate the usefulness of the LFA, we tested previously infected and non-

infected COVID-19 vaccine recipients at baseline and after first and second vaccine 

doses. Results: The LFA compared favorably with SARS-CoV-2 microneutralization 
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assays with an area under the ROC curve of 98%. Sera obtained from patients with 

seasonal coronaviruses did not show neutralizing activity in the LFA. After a single 

mRNA vaccine dose, 87% of previously infected individuals demonstrated high levels of 

neutralizing antibodies. However, if individuals were not previously infected, only 24% 

demonstrated high levels of neutralizing antibodies after one vaccine dose. A second dose 

boosted neutralizing antibody levels just 8% higher in previously infected individuals, but 

over 63% higher in non-infected individuals. Conclusions: A rapid, semi-quantitative, 

highly portable and inexpensive neutralizing antibody test might be useful for monitoring 

rise and fall in vaccine-induced neutralizing antibodies to COVID-19. 

 

Introduction 

Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) causes 

COVID-19 and originated in Wuhan, China in December 2019.84,85,86 Vaccines continue 

to be tested65,87 with the goal of preventing COVID-19 via induction of neutralizing 

antibodies (NAbs) and anti-viral T cells. Vaccine trials show that RNA vaccines elicit 

protective immunity, but durability of natural and vaccine-induced immunity is not fully 

known.87 Several groups reported that up to one-third of serum samples from individuals 

who recovered from COVID-19 do not neutralize SARS-CoV-2.88,89,52 Whether 

previously infected or vaccinated, it is informative for individuals to learn if they 

generated high levels of NAbs so that they can resume normal activities without fear of 

re-infection and transmitting the virus. 90,91,92 

Viral neutralization assays measure antibodies that block infection of host cells. 

The gold standard of neutralization for SARS-CoV-2 measures reduction of viral plaques 
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or foci in microneutralization assays. These assays are slow, laborious, require highly 

trained personnel and a BSL3 facility. Another challenge is that neutralization assays 

require careful titration of virus and depend on host cells for infection, both of which add 

variability to the assay. These limitations prevent use of SARS-CoV- 2 neutralization 

assays for clinical applications.  

SARS-CoV-2 uses receptor binding domain (RBD) on spike protein to bind 

angiotensin converting enzyme 2 (ACE2) on host cells; RBD appears to be the principal 

neutralizing domain.93,94 Using this knowledge, we developed a lateral flow assay (LFA) 

that measures levels of NAbs which block RBD from binding to ACE2. Other groups 

have developed RBD-ACE2-based competition ELISAs, 95 but none have developed a 

rapid, highly portable, semi-quantitative test that can easily be incorporated into clinical 

settings or research studies where traditional laboratory or neutralization tests are not 

practical. 

 

Materials and Methods  

Human subjects and samples  

Serum and finger-stick blood samples were collected for this study under an 

Arizona State University institutional review board (IRB) approved protocol 

#0601000548 and Mayo Clinic IRB protocol #20-004544. Serum samples obtained from 

excess clinical samples at Mayo Clinic were left over from normal workflow. COVID-19 

samples ranged from 3 to 84 days post PCR positive result.  

Twenty-seven control serum samples from patients with non-COVID- 19 

respiratory illnesses as determined by the FilmArray Respiratory Panel 2 (Biofire 
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Diagnostics) were collected from patients from 2/14/17 – 4/6/20 as part of routine clinical 

workflow. All residual clinical samples were stored at 2–8 ºC for up to 7 days, and frozen 

at -80ºC thereafter. 

 

SARS-CoV-2 microneutralization assay 

A microneutralization assay was performed using a recombinant SARS-CoV-2 

expressing mNeonGreen (SARS-CoV-2 ng) as previously described.96 Inhibitory 

concentrations for which 50% of virus is neutralized by serum antibodies (IC50 values) 

were obtained on a set of 38 COVID-19 sera. Sixty μL aliquots of SARS-CoV-2 ng were 

pre-incubated for 1 h in 5% CO2 at 37 ºC with 60 μL 2-fold serum dilutions in cell 

culture media, and 100 μL were inoculated onto Vero-E6 monolayers in black 

polystyrene 96-well plates with clear bottoms (Corning) in duplicate. The final amount of 

the virus was 200 PFU/well, the starting serum dilution was 1:20 and the end dilution was 

1:1280 unless an IC50 was not reached in which case serum was diluted to 1:10, 240. 

Cells were maintained in Minimal Essential Medium (ThermoFisher Scientific) 

supplemented by 2% FBS (HyClone) and 0.1% gentamycin in 5% CO2 at 37 ºC. After 2 

days of incubation, fluorescence intensity of infected cells was measured at 488 nm using 

a Synergy 2 Cell Imaging Reader (Biotek). Signal was normalized to virus alone with no 

serum added and reported as percent neutralization. IC50 was calculated with GraphPad 

Prism 6.0 software. Work was performed in a BSL-3 biocontainment laboratory of the 

University of Texas Medical Branch, Galveston, TX. 
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Serologic antibody assay 

The Ortho Vitros Anti-SARS-CoV-2 IgG test (Ortho Vitros test) was performed 

on an Ortho Clinical Diagnostics Vitros 3600 Immunodiagnostics System at the Mayo 

Clinic. This assay is approved for clinical testing under FDA Emergency Use 

Authorization to qualitatively detect antibody to the S1 subunit of SARS-CoV-2 spike 

protein. Results are reported as reactive (S/CO ≥ 1.0) or nonreactive (S/CO <1.0). 

Specimens were tested within 7 days of collection and stored at 2–8 ºC. The same 38 

serum samples were run in the Ortho Vitros test, microneutralization assay, and the LFA. 

 

Lateral flow neutralizing antibody assay 

The Lateral Flow NAb assay was developed to measure levels of antibodies that 

compete with ACE2 for binding to RBD. The LFA single port cassette (Empowered 

Diagnostics) contains a test strip composed of a sample pad, blood filter, conjugate pad, 

nitrocellulose membrane striped with test and control lines, and an absorbent pad (Axim 

Biotechnologies Inc). The LFA also contains a control mouse antibody conjugated to red 

gold nanospheres and corresponding anti-mouse IgG striped at the control line.  

LFAs were run at room temperature on a flat surface for 10 min prior to reading 

results. To perform the test, 6.7 μL of serum or 10 μL whole blood were added to the 

sample port followed by 60 μL of chase buffer. After 10 min, densities of both test and 

control lines were recorded in an Detekt RDS-2500 density reader.  

The test leverages the interaction between RBD-conjugated green-gold nanoshells 

(Nanocomposix) that bind ACE2 at the test line when RBD-neutralizing antibodies 
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(RBD-NAbs) are absent or low. Test line density is inversely proportional to RBD-NAbs 

present within the sample. As a semi-quantitative test, the results of the LFA can be 

interpreted using a scorecard or a densitometer. A red line across from the “C” indicates 

that the test ran properly. An absent or faint test line indicates high levels of RBD-NAbs, 

whereas a dark test line suggests low or lack of RBD-NAbs.  

Precision testing was performed using sera from one highly, and one non-

neutralizing donor in replicates of 10. Density values were recorded as above and %CVs 

calculated using the formula: (Standard Deviation/ Mean) * 100%. 

 

Data analysis  

Pearson’s correlation (r) was conducted to assess the strength and significance of 

associations between the LFA, the Ortho Vitros test and IC50 values. Regression analysis 

using IC50 values evaluated consistency while Bland-Altman plots assessed agreement 

and bias.97,98 Correlation analysis was conducted using IBM SPSS. For two-group 

analysis, IC50 values corresponding to >240 were categorized as titer of ≥1:320 

(neutralizing), whereas IC50 values ≤240 were categorized as ≤1:160 (low/non-

neutralizing). Receiver operating characteristic (ROC) analysis was performed to assess 

accuracy, sensitivity, and specificity of the LFA and Ortho Vitros tests in assessing 

neutralization; optimal cutoffs for each method were established to maximize area under 

curve (AUC).99,100 ROC analysis was conducted using R language in the RStudio 

environment (version 3.6.2; RStudio PBC). All analyses were conducted using raw 

values; data were not normalized, transformed, or scaled. 
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Results 

As shown at the bottom in Figure 8A, serum containing high levels of NAbs 

results in a weak or ghost test line because NAbs bind RBD on green-gold beads, 

preventing RBD from binding to the ACE2 receptor at the test line. Serum with low 

levels of NAbs results in a strong test line because little to no antibodies prevent RBD on 

beads from binding to ACE2. Figure 8B demonstrates results of the test using COVID-

19 sera with different levels of NAbs.  

Figure 8. Principles of SARS-CoV-2 NAb LFA. (A) Schematic of SARS-CoV-2 
Neutralization LFA. Below each graphic is a representative image of a lateral flow strip 
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demonstrating actual line density. Addition of non-COVID-19-immune serum or plasma 
(top) does not block binding of RBD-beads (green particles) to ACE2 resulting in the 
RBD-bead–ACE2 complex creating a visible line. Addition of patient serum with 
moderate titer NAbs to the sample pad creates a weak line (middle). Addition of patient 
serum with high titer NAbs (> 1:640) blocks binding of RBD-beads to ACE2 such that 
no line is observed at the test location on the strip (bottom). Red control line represents 
capture of a mouse monoclonal antibody coupled to red beads. (B) Scorecard for 
measuring levels of NAbs. Red control line across from the “C” on the cassette indicates 
that the test ran properly and the green test line across from the “T” can be used to 
measure the ability of plasma or serum to block RBD on gold nanoshells from binding to 
ACE2. (0) represents patient serum producing a visually non-existent line with density 
units of 10,095 and an IC50>500 (IC50=1151); (1) represents patient serum with a line 
density of 132,503 and an IC50 of 396; (2) represents patient serum with a line density of 
317,156 and an IC50 of 243; (3) represents patient serum with a line density of 645,040 
and an IC50 of 96. 
 

To support the application of the LFA to measure NAb levels to SARS-CoV-2, 

we tested 38 serum samples that were assigned IC50 values in a SARS-CoV-2 

microneutralization assay.96  The experiment was performed in a blinded manner such 

that personnel running either the LFA or the microneutralization assay did not know the 

results of the comparator test. When line densities from the LFA were plotted against 

IC50 values determined in the microneutralization assay, serum samples with strong 

neutralization activity demonstrated low line densities; this indicates that NAbs inhibited 

RBD from binding to ACE2 (Figure 9).  
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Figure 9. RBD-ACE2 competition LFA density and IC50 value comparison. LFA 
density value and IC50 value comparison determined in a SARS-CoV-2 
microneutralization assay on 38 samples (collected 3 to 90 days after PCR positive 
result). Ranges of IC50 values are shown on the X-axis plotted against LFA line density 
units on the Y-axis.  

 

Next, we determined if the LFA detected neutralization activity in serum samples 

collected from patients with other PCR-confirmed respiratory viruses including seasonal 

coronaviruses (Figure 10A) and for serum samples collected prior to December 2019 

(Figure 10B). Neither seasonal respiratory virus sera, nor pre-December 2019 samples 

showed neutralizing activity.  
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Figure 10. Cross-reactivity evaluation using seasonal respiratory virus convalescent 
sera. A) Serum samples collected with PCR-confirmed diagnosis of seasonal respiratory 
viruses (Coronavirus OC43, blue; Coronavirus HKU-1, green; Coronavirus NL-63, pink; 
influenza A, orange, influenza B, red; parainfluenza, purple; rhinovirus, teal; respiratory 
syncycial virus, yellow; and adenovirus, black were run on the LFA as described in 
Methods. A positive control serum from a convalescent COVID- 19 patient is shown on 
the far right of the bar graph in white. B) Serum samples collected pre-December 2019. 
Cutoff value of 263,000 density units was calculated based on receiver operating 
characteristic curves (see Fig. 13). 
 
 

We then compared both the Ortho Vitros test and our LFA to sera with IC50 

values determined in the SARS-CoV-2 microneutralization assay using 38 COVID-19 

sera. To assess agreement between our LFA and the Ortho Vitros test, density units from 

the LFA and values from the Ortho test were regressed onto IC50 values (Figure 11).  
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Figure 11.  Regression analyses of serum NAb titers. (A) Ortho Vitros SARS-CoV-2 
IgG test and serum titer (IC50) (B) LFA values and serum titer (IC50)). Regression plots 
show explained variance (R2) between compared methods.  Thirty-eight samples were 
tested. 

 

 

LFA values accounted for roughly 52% of observed variance in IC50 values, while 

the Ortho Vitros test accounted for approximately 27% of IC50 variance. LFA showed 

significant negative correlation with IC50 values (r = -0.720, p < 0.001), while the Ortho 

Vitros test values showed a significant positive correlation to IC50 values (r = 0.522, p = 

0.001). Additionally, the LFA and Ortho Vitros test values correlated with each other (r = 

-0.572, p < 0.001).  

To evaluate bias, mean differences and 95% confidence intervals (CIs) were 

calculated and plotted alongside limits of agreement (Figure 12). Both LFA and Ortho 

Vitros test values showed strong agreement with titer, although the Ortho Vitros test 

showed a tendency to underestimate neutralizing capacity while the LFA method showed 

no bias.  
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Figure 12. Bland-Altman analyses of Ortho Virtros and NAb LFA. Bland-Altman 
plots showing bias (mean difference and 95% CI) and computed limits of agreement 
(mean difference ± _2SD) between (A) Ortho Vitros Anti- SARS-CoV-2 IgG test and 
IC50 values and (B) our LFA and IC50 values. Thirty-eight samples were tested. 
 
 

ROC analysis was performed to assess the ability of the LFA and the Ortho Vitros 

test to classify low/non-neutralizing (Neg, <1:160), and highly neutralizing groups 

(≥1:320) (Figure 13). As shown in Fig. 13B and 13D, the LFA misclassified one non-

neutralizing sample (Neg, <1:160) as neutralizing (≥1:320) which the Ortho Vitros test 

also misclassified as neutralizing. The Ortho test also incorrectly classified five additional 

neutralizing samples as non-neutralizing.  
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Figure 13. Univariate ROC analyses of Ortho Virtros and NAb LFA. (A) Univariate 
ROC analysis of Ortho Vitros Anti-SARS-CoV-2 IgG test for discrimination of 
neutralizing samples (≥1:320) [AUC: 0.856, 95% CI: 0.697—0.953, sensitivity = 0.9, 
specificity = 0.7]. (B) Box plot of Ortho Vitros Anti-SARS-CoV-2 IgG test values 
between neutralizing (≥1:320) and non-neutralizing (Neg—1:160) groups. (C) Univariate 
ROC analysis of LFA for discrimination of neutralizing samples (≥1:320) [AUC: 0.978, 
95% CI: 0.908—1.0, sensitivity = 0.9, specificity = 1.0]. (D) Box plot of LFA values 
between neutralizing (≥1:320) and non-neutralizing (Neg—1:160) groups. 
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Our LFA showed high accuracy for classification of neutralizing samples (AUC = 

0.978), while the Ortho Vitros test showed modest accuracy (AUC = 0.856). Notably, 

while both methods showed roughly 90% sensitivity, the Ortho Vitros test showed only 

70% specificity. In contrast, the LFA showed perfect specificity (100%) in this analysis 

of 38 samples.  

Optimal cutoffs were computed to maximize AUC. For the LFA, density unit 

values below 263,000 classify samples as neutralizing and correspond to titers ≥1:320. 

Density values above this LFA cutoff classify samples in the non-neutralizing group. For 

the Ortho Vitros test, values between 0 and 23.3 were representative of non-neutralizing 

capacity, whereas values above 23.3 were reflective of the neutralizing group.  

Precision studies were performed on replicate samples (n = 10) and showed a CV 

of ~9% from a serum sample in the high neutralizing range and ~6% CV in a serum 

sample from the low neutralizing range (Table 1).  
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Table 1.  SARS-CoV-2 NAb LFA precision study using one (A) Low Neutralizing 
Range serum sample and one (B) High Neutralizing Range serum sample in replicates of 
ten.  Low range neutralization is defined as densities from 370,000 – 800,000.  The used 
for precision analysis was from an individual who recovered from COVID-19 but did not 
neutralize virus in the microneutralization assay (IC50 < 20).  High neutralization range 
samples are defined as densities from 10,000 – 369,999.  This sample has an IC50 of 248. 
 

Since NAb levels may be considered correlates of protection, we tested sera from 

RNA vaccine recipients (mRNA-1273 and BNT162b2) in “previously infected” and “not 

previously infected” individuals using finger-stick blood in the rapid LFA (Figure 14). In 
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previously infected individuals at baseline (within 3 months of PCR-based diagnosis), 

38% demonstrated high levels of NAbs. After the first vaccine dose, 87% of previously 

infected individuals demonstrated high NAb levels, while only 24% of not previously 

infected individuals developed high levels of NAbs. After the second vaccine dose, levels 

of NAbs increased to 95% in the previously infected cohort, while NAb levels increased 

to 87% in the not previously infected cohort. This data suggests that a second vaccine 

dose is important for highest levels of NAbs. 

 

 

 
Figure 14. NAb levels in prior infection and vaccine-induced individuals. (A) 
Baseline indicates within one week of first vaccine dose; Post-1st Dose indicates withing 
one week of 2nd vaccine dose; Post 2nd Dose indicates 10–20 days after 2nd vaccine 
dose. High and Low indicates density ranges of Test lines shown in (B). Densities were 
read in a reader as described in Methods. Serum titers that correspond to high range 
densities are >1:1280 to ≥1:160. Serum titers corresponding to low range densities are 
<1:160.  
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Discussion 

We developed a rapid test that measures levels of NAbs in serum and whole 

blood. As shown in Figure 9, the LFA correlates well with serologic titers determined 

using a SARS-CoV-2 microneutralization assay, especially when serum sample IC50 

values are >250. Advantages of the LFA test are that it can be inexpensively and rapidly 

deployed to determine levels of NAbs in vaccine recipients. Moreover, the test can be 

used longitudinally to evaluate duration of protective immunity in naturally infected and 

vaccinated individuals–many more than could ever be evaluated using BSL2 or BSL3-

based neutralization assays.  

The LFA and Ortho Vitros test showed a significant correlation with each other (r 

= -0.572, p < 0.001), displaying good linear relation (r = -0.720, p < 0.001).101 The LFA 

accounts for 52% of observed IC50 variance (R2 = -0.5187), while the Ortho Vitros test 

accounts for 27% (R2 = -0.2725). Although absolute quantitation demands an excellent 

coefficient of determination (R2 ≥ 0.99),102 variables with R2 ≥ 0.5 are highly predictive 

in univariate regression models while measures with R2 < 0.5 are recommended for use 

in multivariate models with complementary measures to increase predictive 

accuracy.103,104 Bland-Altman analysis (Figure 12) showed the Ortho Vitros test to be 

prone to underestimation of IC50 values, while the LFA method did not exhibit over- or 

underestimation bias. Furthermore, across mean values for both methods, the LFA 

showed discrete differential values while the Ortho Vitros test struggled to differentiate 

high neutralizing samples.  
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Using our rapid test to measure NAbs in previously infected vaccine recipients 

and those who were not infected agrees with other studies in BSL3 facilities using serum 

from venipuncture blood.87,105,106,107,108,109 Natural infection may not elicit high levels of 

NAbs,88,89,52 but a first dose of vaccine induces high levels of NAbs in the majority of 

recipients similar to 2 doses of vaccine in non-previously infected individuals, suggesting 

natural infection primes the immune system.110 In naïve individuals, a single dose of 

vaccine elicits high NAb levels (Titers >1:160) in only 24% of vaccine recipients, 

leaving 76% of vaccine recipients with titers lower than 1:160 which would not qualify 

for convalescent plasma donation according to FDA memo of March 9, 2021. After a 

second vaccine dose, the LFA indicated high levels of NAbs in 87% of recipients, 

identical to levels observed in previously infected individuals after the first vaccine dose. 

These findings might suggest that a booster (3rd vaccine dose) in non-infected 

individuals could induce the highest levels of NAbs in the most people.  

Limitations of the LFA are that it uses only the RBD portion of spike protein. 

Although the vast majority of reports indicate that the principle neutralizing domain is the 

RBD portion of spike protein, mAbs have been reported that neutralize SARS-CoV-2 by 

binding to the N-terminal domain of spike protein.111,112 Also, since the spike protein 

assumes multiple conformations during viral binding and entry,113 neutralizing epitopes 

exist on the quaternary structure of spike.112 Although RBDs on the nanoparticles may 

associate, it is not known if they assume a native conformation.  

Other limitations are the binary nature of this data analysis (high and low 

neutralizing) of a continuous assay. NAb levels should be evaluated longitudinally to 

assess rise and fall in NAb levels; this rapid test is well-suited for that role. Another 
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limitation is that the LFA does not differentiate high affinity anti-RBD NAbs from an 

abundance of lower affinity anti-RBD NAbs.  

This test may prove useful in monitoring COVID-19 vaccine recipients as a 

correlate of protection. It would be logistically difficult to obtain a tube of blood from 

every vaccine recipient for BSL3 work. However, since this LFA requires only a drop of 

blood, individual use of this test might lead to more comprehensive longitudinal 

monitoring of protective humoral immunity and indicate when boosters might be 

required. 
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CHAPTER III 

THIRD COVID-19 VACCINE DOSE BOOSTS NEUTRALIZING ANTIBODIES IN 

POOR RESPONDERS 
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Abstract 

Background: While evaluating COVID-19 vaccine responses using a rapid 

neutralizing antibody (NAb) test, we observed that 25% of mRNA vaccine recipients did 

not neutralize >50%. We termed this group “vaccine poor responders” (VPRs). The 

objective of this study was to determine if individuals who neutralized <50% would 

remain VPRs, or if a third dose would elicit high levels of NAbs. 

Methods: 269 healthy individuals ranging in age from 19 to 80 (Average age = 51; 165 

females and 104 males) who received either BNT162b2 (Pfizer) or mRNA-1273 

(Moderna) vaccines were evaluated. NAb levels were measured: (i) 2–4 weeks after a 

second vaccine dose, (ii) 2–4 months after the second dose, (iii) within 1–2 weeks prior 

to a third dose and (iv) 2–4 weeks after a third mRNA vaccine dose.  

Results: Analysis of vaccine recipients reveals that 25% did not neutralize above 50% 

(Median neutralization = 21%, titers <1:80) within a month after their second dose. 

Twenty-three of these VPRs obtained a third dose of either BNT162b2 or mRNA-1273 
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vaccine 1–8 months (average = 5 months) after their second dose. Within a month after 

their third dose, VPRs show an average 5.4-fold increase in NAb levels (range: 46–99%). 

Conclusions: The results suggest that VPRs are not permanently poor responders; they 

can generate high NAb levels with an additional vaccine dose. Although it is not known 

what levels of NAbs protect from infection or disease, those in high-risk professions may 

wish to keep peripheral NAb levels high, limiting infection, and potential transmission. 

 

Introduction 

COVID-19 mRNA vaccines prevent serious clinical disease requiring 

hospitalization in ~95% of vaccine recipients. This suggests that 5% of vaccinated 

individuals remain susceptible to potentially severe disease.63,65 If 300 million people 

receive two doses of the COVID-19 mRNA vaccines, then approximately 15 million 

people may not be fully protected. Although T cells are important in anti-viral immunity, 

their activity is difficult to rapidly evaluate at scale. Furthermore, if T cells are engaged, 

the host is already infected. After natural infection with SARS-CoV-2 or vaccination 

against COVID-19, anti-viral antibodies are generated by the host. Antibodies of primary 

importance are neutralizing antibodies (NAbs) because they prevent infection. However, 

non-neutralizing antibodies may also play an important role in the host’s humoral 

response.114,115 NAbs block the spike protein on SARS-CoV-2 from binding to the host 

cell receptor, angiotensin converting enzyme 2 (ACE2). In particular, the portion of the 

spike protein that binds to ACE2 is the receptor binding domain (RBD)93,94 and there have 

been many reports of natural, vaccine-induced116,117,118,119 and therapeutic antibodies120 that 

neutralize the virus by binding to the RBD. 
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After 2 doses of either BNT162b2 or mRNA-1273, antibodies to spike protein 

and neutralizing antibodies have been quantified in vaccine recipients. 63,65,105,107 

Durability of those responses has been reported.87,109 Although NAb titers as a correlate of 

protection remain undefined and are complicated by evolving variants, titers that provide 

protection from disease likely differ from titers that prevent infection. Both are also 

largely dependent on the dominant variant in circulation. Even when vaccinated, 

immunosuppressed individuals are at increased risk of infection and disease if 

exposed.121,122 As such, caregivers for high-risk individuals may want to measure or 

monitor their NAb levels after their last vaccination or natural infection, to lessen the 

possibility of asymptomatic infection which may result in transmission to vulnerable 

patient populations. Since the vaccines do not elicit protective immunity in everyone, 

many vaccine recipients may want to know how well their vaccine induced protective 

antibodies, and how long they circulate in peripheral blood. NAb levels have been 

modeled as correlates of protection from infection and/or disease.117 Here we report the 

results of a study in which NAb levels were measured in finger-stick whole blood from 

mRNA vaccine recipients at 2–4 weeks and 2–4 months after their second dose, and then 

again pre- and post-3rd mRNA vaccine dose.  

Our results demonstrate 25% percent (n = 67) of 2-dose vaccine recipients’ (n = 

269) NAb levels show <50% neutralization 2–4 weeks after their second dose and are 

therefore classified as vaccine poor responders (VPRs). Twenty-three of the 67 VPRs 

received a third mRNA vaccine as a booster dose. Sixty-five percent of these VPRs 

received three doses of BNT162b2 (Pfizer), 4% had 3 doses of mRNA-1273 (Moderna), 

and 30% had 2 doses of BNT162b2 followed by a third dose of mRNA-1273 (booster). 
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Within a month after receiving a third dose, NAb levels in the 23 VPRs increased an 

average of 5.4-fold, suggesting the importance of a third dose for high levels of 

peripheral protection. 

 

 

Materials and Methods  

Rapid test to detect SARS-CoV-2 neutralizing antibody 

Since performing neutralization assays with authentic SARS-CoV-2 is time-

consuming, expensive and requires high containment facilities with specially trained 

laboratory personnel, we previously developed a rapid test that semi-quantitatively 

measures levels of neutralizing antibodies in whole blood or serum. The rapid test utilizes 

lateral flow technology and is based on the principle that NAbs prevent the receptor 

binding domain (RBD) on spike protein from binding to ACE2 (Figure 15).93,94 

Interpretation of the test is counter-intuitive: the weaker the test line, the stronger the 

neutralizing activity. Test and control line densities can be quantified with a lateral flow 

reader and recorded electronically. 
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Figure 15. Lateral Flow Assay to Detect SARS-CoV-2 Neutralizing Antibody.  
Interpretation of the rapid test is counter intuitive. A) Methodology overview. Fingerstick 
blood is transferred to the sample port and followed by two drops chase buffer. Ten 
minutes later results can be interpreted. Absent or faint test line indicates high NAb 
levels, while dark or intense test line indicates low/no NAbs. B) Mechanistic schematic. 
NAbs bind RBD coupled to a green gold nanoshell (GNS) and prevent the RBD/ACE2 
interaction from occurring. Abs that bind RBD but do not neutralize allow the 
RBD/ACE2 interaction to occur, shown as increasingly dark signal as more RBD-
GNS/ACE2 binds at the test line. C) Example tests showing highly neutralizing (top), 
moderately neutralizing (middle), and poorly neutralizing antibodies (bottom)using either 
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finger-stick whole blood. A monoclonal control antibody coupled to a red-GNS runs 
laterally with the sample/buffer mixture and binds at the control line, seen as a red line.  
 

 

Study design and population  

Male and female adults ranging in age from 18 to 80 years old were recruited with 

informed consent to measure their NAb levels using the rapid test after vaccination with 

either BNT162b2 or mRNA-1273. The study was approved as an observational study by 

the institutional review board (IRB) at Arizona State University (IRB# 0601000548). In 

this cohort, no participant ever tested positive by PCR or was diagnosed with COVID-19 

prior to the study. NAb levels were measured in all participants 2–4 weeks after a second 

dose of either BNT162b2 or mRNA-1273 vaccine, then measured 2–4 months after dose 

2. In those participants who informed us that they had decided to get a third vaccine dose, 

NAb levels were measured within 2 weeks of receiving dose 3 of either BNT162b2 or 

mRNA-1273, and then measured again 2–4 weeks after dose 3. 

 

Ethical approval  

All data generated in this study used finger-stick peripheral blood collected under 

an Arizona State University institutional review board (IRB) approved protocol 

#0601000548. Subjects were assigned a vaccine study de-identification number (VAC-

ID) at the time of enrollment and all subsequent collections were conducted in 

compliance with the Collaborative Institutional Training Program (CITI) Human Subjects 

Research (HSR) regulatory guidance. 
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Assay design and implementation 

 The LFA cassette contains a test strip composed of a blood filter overlapped with 

a conjugate pad, nitrocellulose membrane striped with test and control lines, and an 

absorbent pad to wick excess moisture. Test strips are secured in a plastic cassette that 

contains a single sample port. Recombinant ACE2-6xHis protein (Axim Biotechnologies, 

Inc) is striped onto the nitrocellulose membrane as a test line and an anti-mouse antibody 

is striped onto nitrocellulose as a control line. Recombinant SARS-CoV-2 Wuhan RBD-

6xHis protein (Axim Biotechnologies, Inc) is coupled by carbodiimide chemistry to the 

surface of 150 nm carboxyl-functionalized gold nanoshells (Nanocomposix Inc). The 

LFA also contains a control mouse monoclonal antibody (Axim Biotechnologies, Inc) 

conjugated to the surface of 40 nm carboxyl-functionalized gold nanospheres 

(Nanocomposix, Inc) and corresponding anti-mouse IgG (Lampire Biological 

Laboratories) at the control line to ensure the test was performed properly. A mixture of 

RBD modified gold nanoshells and a mouse IgG-modified gold nanospheres is dried on 

the conjugate pad. Linearity of the assay was determined by serial dilutions of strongly 

neutralizing plasma (reciprocal titer 640-1280) into non-neutralizing (negative) 

plasma. The assay response is linear up to ~8x dilution of neutralizing serum into non-

neutralizing serum. At higher dilutions the test signal approaches levels comparable to a 

negative sample. Limit of quantitation was adjusted to a reciprocal titer of ~40 using a 

series of NAb-positive samples with titers assigned by live Wuhan virus FRNT assay. 

The precision of the test was determined by T-line/C-line ratio to be 4.75%, 8.5% and 

15% low (high signal), medium and high (low signal) Nab levels, respectively, 
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with each level run in 20 replicates. Determining NAb levels using the rapid test. To 

determine NAb titers, 10 μL of finger-stick blood was transferred via micropipette to the 

sample port in the LFA cassette. After 10–30 s, 60 μL (2 drops) of chase buffer was 

added to the port. Ten minutes after addition of chase buffer, control and test line 

densities were quantified using a Detekt RDS-2500 density reader (Detekt, Austin, TX). 

Higher titers of NAbs in blood will cause the test line to be weak or absent because they 

prevent RBD-gold-nanoshells from binding to ACE2 at the test line, while lower titers of 

NAbs allow RBD-gold nanoshells to bind ACE2 so that a test line is visible. Test line 

density is inversely proportional to RBD-NAbs present within the sample as previously 

reported18 

 

Focus reduction neutralization test (FRNT) 

 To support the application of the rapid test to measure NAb levels to SARS-CoV- 

2, we correlated LFA test line densities with IC50 values obtained in a Focus Reduction 

Neutralization Test (FRNT) from 38 serum samples.32 Test performance was evaluated 

using a correlation regression analysis of IC50 values and LFA line densities to obtain 

the equation, Y = −0.7698*X + 24.14 when X = log2 IC50 as shown in Figure 16. 
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Figure 16. Regression analysis of LFA density and neutralization IC50 values. 
Comparison between LFA density units and IC50 values obtained using (top graph) 
convalescent sera isolated from 36 recovered COVID-19 patients and (bottom graph) 
mRNA-1273 or BNT162b2 vaccinated sera. Neutralization was tested on LFA using 6 
µL serum and a dilution series was performed by authentic SARS-CoV-2 FRNT assay to 
obtain IC50 values. To calculate IC50, data were analyzed in GraphPad Prism 9.0 using 
methods described by Ferrara and Temperton. Density values and IC50 values were Log2-
transformed and analyzed using a simple linear regression and nonparametric Spearman 
correlation with two-tailed P value and a 95% confidence interval (CI). Regression 
analysis with 95% CI boundaries is indicated in solid black and grey dotted lines. 
Spearman’s rho and two-tailed P value are labeled. 
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Statistical Analyses 

  Levene’s test was used to assess homoscedasticity between groups prior to 

significance testing (IBM SPSS Statistics for Macintosh, Version 26.0; Armonk, NY). To 

account for unequal variances resulting from unequal sample sizes, Welch’s t test with 

Benjamini-Hochberg false discovery rate (FDR) correction was performed using 

Microsoft Excel (Version 16.55; Redmond, WA) to evaluate significant differences in 

mean neutralization between BNT162b2 (n = 180) and mRNA-1273 (n = 89) 2-4 weeks 

post-2nd dose. Cohen’s d was calculated using Microsoft Excel. Post-hoc power analysis 

was computed using G*Power 3.1 software19. 

 

 

Results 

Correlation of test line densities to serum IC50 values  

To support the application of the LFA to measure NAb levels to SARS-CoV-2, 

we previously reported18 correlation of LFA test line densities with IC50 values obtained 

in a Focus Reduction Neutralization Test (FRNT). The rapid test accurately and semi 

quantitatively measures levels of NAbs directed against SARS-CoV-2. Serum samples 

with strong neutralizing activity demonstrate low test line densities while sera with weak 

neutralizing activity demonstrate high test line densities. 

Armed with IC50 values, LFA densities and neutralizing serum titers from the 

FRNT, we calculated % neutralization as: 1-(Test Line Density/Limit of 

Detection)*100%. Table 2 shows percent neutralization ranges that correlate to serum 

titers, FRNT50 values and test line densities. Percent neutralization was used throughout 
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 the study to measure NAb levels in study participants. Figure 17 shows actual LFA tests 

with density values and corresponding IC50 values, NAb titers, and percent neutralization. 

 

Image of 
NAb test 

result 

Test line 
density unit 

ranges 
(thousands) 

IC50 ranges 
Reciprocal 
NAb titer 

ranges 

% Neutralization 
ranges 

  
10-99 

 
17,530 to 880.54 

 
<1280,  ≥640 

 
99 to 90 

  
100-199 

 
880.53 to 357.847 

 
<640, ≥320 

 
89 to 80 

  
200-369 

 
357.845 to 160.927 

 
<320,  ≥160 

 
79 to 61 

  
370-599 

 
160.927 to 85.88 

 
<160,  ≥80 

 
60 to 36 

  
600-799 

 
85.88 to 59.102 

 
<80, ≥40 

 
35 to 15 

  
800-1000 

 
59.101 to 44.23 

 
≤ 40 

 
≤ 15 

 
 
Table 2. SARS-CoV-2 NAb LFA density unit conversion to IC50, reciprocal NAb 
titer, and percent neutralization. Correlation of IC50 values from a Focus Reduction 
Neutralization Test (FRNT) using authentic SARS-CoV-2 with serum titers using 17 
PCR-confirmed samples with IC50 values <125, six samples with IC50 values ≥125 and 
<250, nine samples with IC50 values ≥250 and <500, four samples with IC50 values ≥500 
and <1000 and three samples with IC50 values ≥1000.  Reciprocal NAb titers were 
derived using the highest dilution that did not exceed each serum IC50 value.  Percent 
neutralization was calculated using the following formula:  1-(Test sample line 
density/Limit of Detection)*100% where LoD for non-neutralizing sera for the rapid test 
was 942,481.  Limit of detection (LoD) was calculated based on the method of 
Armbruster and Pry,123 using a convalescent serum sample containing the lowest 
detectable concentration of analyte (neutralizing antibodies) still distinguishable from a 
blank. Due to the competitive format of the LFA, the operand was changed to reflect 
subtraction from limit of blank (LoB) rather than addition: LoD= limit of blank (LoB) – 
(1.65* SDlow conc sample): LoD=1,047,382- (1.65 * 63,769)= 942,481 Test Line Density 
Units. A lower LoD was not applicable, as polyclonal antisera was used in this study, 
rather than an individual Mab. Alternatively, the average line density observed for the top 
10 donors who demonstrated the strongest ability to prevent RBD from binding to ACE2 
was 20,706. 
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Figure 17. NAb LFA with Density, IC50, Titer, and Percent Neutralization Values. 
LFA densitometer images with corresponding Test Line Density (TLD), IC50 value, 
reciprocal NAb titer, and percent neutralization. TLD is reported as unmodified, discrete 
values. IC50 values are derived from the regression equation shown in Supplementary 
Figure S1. Reciprocal NAb titer is derived from IC50, such that titer is equal to the last 
dilution factor (DF) (DF =20*2-n) for which IC50 is ≥ the lower threshold range for a 
given titer. For example, IC50=43.8 is classified as an NAb titer of 40. Further, a 
hypothetical IC50=158 would classify as NAb titer ≥80 and <160. Percent neutralization 
was calculated using the equation: 1-(TLD/LoD) when LoD=942,481 as described in 
Table 1 legend. 
 

Evaluation of COVID-19 mRNA vaccine NAb response 

 NAb levels were measured using our semi-quantitative rapid test in 269 healthy 

individuals who ranged in age from 19 to 80 (Average age = 51; 165 females and 104 

males) who received 2 doses of either BNT162b2 (Pfizer) or mRNA-1273 (Moderna) 

vaccines18. Twenty-three of the 269 were VPRs (neutralized < 50%) and independently 

received a third dose of either BNT162b2 or mRNA-1273 vaccines. Demographics of the 

third dose cohort are shown in Table 3. 

Control 

Test 
line 
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Age / Sex RT-PCR 
Results 

1st and 2nd Dose 
Vaccine 3rd Dose Vaccine  

Months Post-
2nd Dose, Prior 

to 3rd 
70-75 / M Negative^ BNT162b2 BNT162b2 1 
30-35 / M Negative* BNT162b2 BNT162b2 7 
60-65 / M Negative* BNT162b2 BNT162b2 8 
50-55 / M N/A BNT162b2 BNT162b2 5 
56-60 / F Negative* BNT162b2 BNT162b2 6 
60-65 / M Negative^ BNT162b2 BNT162b2 7 
50-55 / F Negative* BNT162b2 BNT162b2 7 
60-65/ M N/A BNT162b2 BNT162b2 6 
66-70 / F Negative* BNT162b2 BNT162b2 6 
60-65 / F Negative^ BNT162b2 mRNA-1273 1 
56-60/ F Negative* BNT162b2 BNT162b2 7 
70-75 / F Negative~ BNT162b2 BNT162b2 5 
70-75 / F N/A BNT162b2 BNT162b2 6 
76-80 / M Negative* BNT162b2 BNT162b2 7 
70-75 / F Negative* BNT162b2 mRNA-1273 6 
76-80 / F N/A BNT162b2 mRNA-1273 6 
60-65 / F Negative* BNT162b2 mRNA-1273 5 
66-70 / M Negative^ BNT162b2 BNT162b2 6 
40-45/ M Negative^ BNT162b2 mRNA-1273 6 
70-75 / M Negative^ mRNA-1273 mRNA-1273 5 
50-55 / F N/A BNT162b2 mRNA-1273 3 
70-75 / F Negative* BNT162b2 BNT162b2 6 
36-40 / F Negative* BNT162b2 mRNA-1273 4 
 
^ = TaqPath (Thermo Fisher) 
* = Abbott Real Time SARS-CoV-2   
~ = PerkinElmer SARS-CoV-2 Real-Time RT-PCR assay 
NA= Not Available; participants denied having COVID-19 or being exposed. 

 
Table 3.  Demographic information for 3rd mRNA vaccine dose recipients. Twenty-
two individuals received two doses of BNT162b2 and one individual received two 
mRNA-1273 doses initially. 15 of the 22 individuals that were originally vaccinated with 
BNT162b2 obtained a 3rd dose of BNT162b2, and 8 received mRNA-1273 (100µg) as 
their 3rd dose. One individual originally vaccinated with mRNA-1273 received a 3rd, 
100µg dose of mRNA-1273. All participants had either confirmed negative RT-PCR 
results or no known history of infection prior to enrollment. RT-PCR platform indicated 
using symbols defined below Table 3. Age ranges are provided to protect the identities of 
the individuals in the study. 

 

NAb levels in vaccine recipients were measured at: (i) 2–4 weeks after a second 

vaccine dose, (ii) 2–4 months after the second dose, (iii) within 1–2 weeks prior to a third 
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dose and (iv) 2–4 weeks after a third mRNA vaccine dose. Several observations were 

made during this study. Percent neutralization ranged from 0 to 99% 2–4 weeks after a 

second dose (Figure 18A). Although our LFA is a surrogate neutralization test, our 

results agree with previous findings in which the majority (75%) of vaccine recipients 

demonstrate NAb levels at ≥50% 2–4 weeks after their second dose14,15. Our study also 

revealed that 25% of vaccine recipients did not neutralize above 50% (Median 

neutralization = 21%) within a month after their second dose (Figure 18B). Twenty-three 

VPRs ranging in age from 31 to 79 (10 males, 13 females, average age = 62.5, Table 2) 

independently obtained a third dose of either BNT162b2 or mRNA-1273 vaccine 1-8 

months (average = 5 months) after their second dose. Two to four weeks after their third 

dose, VPRs showed a 5.4-fold increase in NAb levels (range 46%–99%) (Figure 18B), 

when comparing average percent neutralization at post-2nd dose and post-3rd dose 

timepoints, suggesting that most VPRs are not permanently poor responders; they are 

capable of generating high NAb levels with an additional vaccine dose.  
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Figure 18.  NAb Profile of RNA Vaccine Recipients Pre- and Post-3rd Vaccine Dose.   
A) Spectrum of NAb levels 2-4 weeks post 2nd RNA vaccine dose (180 BNT162b2 
combined with 89 mRNA-1273 vaccine recipients=269) ranging from 0% neutralization 
to 99% neutralization. Horizontal line within second and third quartile box denotes 
median at 83%. Sixty-nine participants in the lower quartile neutralized at <50%.  Red 
dots in lower quartile indicate participants who received 3rd vaccine doses as shown in 
panel B. B) Vaccine Poor Responder Third Dose Recipients Red lines indicate NAb 
levels in poor responders (<50% neutralization) at 2-4 weeks post second dose, 1-2 weeks 
prior to a third vaccine dose and two to four weeks after a third dose of either BNT162b2 
or mRNA-1273.  Solid black line is the average % Neutralization of 3rd vaccine dose 
recipients at each time point.  At 2-4 weeks post 3rd dose the average neutralization was 
88%. 
 

Separating VPRs in Fig. 18A into mRNA-1273 and BNT162b2 vaccine recipients 

unexpectedly revealed that 14% of mRNA-1273 recipients were VPRs, while 31% of 

BNT162b2 recipients were VPRs. Only one of twelve mRNA-1273 VPRs chose to 

receive a third dose of vaccine. In contrast, 23 of 58 BNT162b2 VPRs chose to receive a 

third dose of either vaccine (see Table 2) as shown in Figure 19. Statistically, Levene’s 

test indicated heteroscedasticity (p < 0.001), while Welch’s t test showed significant 
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differences in mean neutralization between groups 2–4 weeks post-2nd dose (q < 0.001) 

with medium effect (d = 0.537) and observed power nearing unity (1–β = 0.981). 

 
Figure 19. Comparison of NAbs after 2nd dose of mRNA1273 or BNT162b2.  % 
Neutralization (y-axis) indicates NAb levels ranging from 0% to 99% neutralization. Data 
shown as box and whisker plots with black vertical lines that denote upper and lower 
extremes, and horizontal lines that denote upper and lower quartiles with median at the 
midline. Median neutralization of mRNA1273 (n=89) and BNT162b2 (n=180) is 92% 
and 71%, respectively. Mean neutralization for mRNA1273 and BNT162b2 groups is 
80% and 63%, respectively. Red dots indicate VPRs that received a 3rd vaccine dose as 
shown in Figure 18B, demographics in Table 3. 
 

 

Discussion 

Some considerations about our findings include the following. We were surprised 

to observe that 67/269 (25%) of participants in our study did not demonstrate 

neutralization >50%. It is not known if poor NAb responders are at increased risk of 
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infection or severe disease. However, anti-viral T cells and antibodies that mediate 

ADCC are also important components of immunity and prevent disease once a host is 

infected. Although 50% neutralization corresponds to titers <1:160, it is not known if 

titers of 1:80, for example, would protect an individual from infection and 

disease. Likewise, it is not known if individuals with highly neutralizing antibodies 

corresponding to titers of ≥1:320 would not be protected from infection and disease. 

However, some models and reports have predicted that NAb levels can serve as a 

correlate of protection.117,124,125 

The debate about whether a vaccinated individual can transmit virus depends in 

part on their levels of neutralizing antibodies. NAbs prevent infection and are used 

therapeutically to treat COVID-19 patients11. T cells are crucially important for 

eliminating infected cells,126,127,128 but if anti-viral T cells are engaged, the 

host is already infected. As NAb levels decrease with time after vaccination, there is an 

increased likelihood that exposure to SARS-CoV-2 could lead to infection which could 

potentially lead to transmission.129 This may be an important point since a significant 

portion of the population has not been vaccinated and could be infected by a vaccinated 

individual whose NAb levels are low, such that they do not prevent infection and 

asymptomatically shed virus just prior to reactivation of immune memory.  

Twenty-five percent of total participants (n = 269) in our study did not generate 

NAb levels stronger than 50% after a 2-dose regimen. These VPRs ranged in age from 19 

to 80 with an average age of 57, median age of 60 (n = 67). The age range of non-VPRs 

was 20–80 with an average age of 50, median age of 51 (n = 202). Further studies could 

be performed to determine the relationship of age and NAb levels <50% after COVID-19 
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vaccination. Our data suggest that COVID-19 vaccine strategies might follow at least a 

multiple-dose regimen to keep peripheral NAb levels high, limiting infection, 

asymptomatic viral replication, and potential transmission. It also suggests that NAb 

levels in vaccine recipients could be evaluated with a rapid test on an individual basis to 

indicate when an additional dose might be indicated.  

Although healthcare policy may recommend that a population should receive a 

third COVID-19 vaccination at a particular timepoint, an inexpensive rapid test could 

provide personalized NAb levels on an individual basis to indicate who might or might 

not require a third dose. Not only would this conserve vaccine, but vaccinating 

individuals who already have elevated levels of NAbs may not provide benefit since 

spike protein could be cleared by circulating NAbs as fast as it is made by cells.  

Previous reports indicate that NAb levels decline much more rapidly than 

protection from hospitalization and disease,87,130 but that does not account for vaccine 

recipients who never generated high levels of NAbs after two doses. Moreover, it is 

possible that VPRs could be a source of breakthrough infections. Although it is not 

known what levels of NAbs protect from infection or disease, many vaccine recipients in 

high-risk professions may wish to keep peripheral NAb levels high, limiting infection, 

asymptomatic viral replication, and potential transmission. 

Although vaccine durability studies indicate an average neutralization geometric 

mean titer (GMT) of ≥320 during the peak period after 2nd dose,105,131 the distribution 

among individual serum samples obtained during the observed peak neutralization period 

(4 to 30 days post-2nd dose) varies greatly.131 It is unclear what percentage of a 

population falls below a given GMT or IC50 during the peak neutralization period 
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following 2nd dose. Our study supports other findings that majority of healthy 

individuals generate a NAb response ≥75% neutralization (IC50 ≥ 160 and <320). 

However, we highlight a VPR population that, despite healthy status at the time of 

vaccination, fail to mount a NAb response >50% (IC50 < 160) after two doses. 

Poor NAb titers have been reported in special populations such as patients with 

ongoing cancer therapies,132 solid organ transplant patients,133,134,135 and individuals on 

systemic immunosuppressive regimens for various immune-mediated inflammatory 

diseases.136 However, current literature is lacking regarding protective antibody responses 

to COVID-19 in a healthy population. Finally, it is not unprecedented in other vaccine 

settings such as influenza to observe poor or non-neutralizing responses in healthy 

individuals.137,138 Due to the urgency to develop vaccines to slow the COVID-19 

pandemic, we are still learning the parameters of mRNA vaccine dose, frequency, timing 

and durability in the human population. 

This study has several limitations. First, it is still unknown what levels of 

neutralizing antibodies correlate with protection against infection and potential disease. It 

is possible, but unlikely, that NAb levels as low as 20% could protect against nfection8. 

Second, although antibodies directed against the N-terminal domain of spike protein have 

also been shown to neutralize SARS-CoV-2, it is currently characterized as a minor 

component of neutralizing antibodies118,111 and our test does not detect them. Although we 

measured NAb levels for twice as many BNT162b2 vaccine recipients as mRNA-1273 

recipients, we examined homogeneity of variance using Levene’s test and, upon 

confirming unequal variances, assumed Welch’s t-test as a conservative and robust 

alternative to parametric comparisons of means. Importantly, potential for type I error 
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was mitigated using FDR-adjustment of calculated significance, and Cohen’s d showed 

appreciable effect size between groups. Moreover, posthoc power analysis showed 

exceptional sensitivity and low chance of type II error, further supporting the 

significantly lower percent neutralization observed in Pfizer recipients 2–4 weeks post-

2nd dose.  

Finally, the Omicron variant(s) became widespread since the submission of this 

manuscript. Although vaccines based on the ancestral Wuhan sequence may not be as 

effective at preventing infection as an Omicron-based vaccine if it becomes available, 

additional boosters have been shown in recent publications to be partially effective 

against virus with Omicron-like mutations and pseudotyped Omicron, as boosting with 

ancestral-spike encoding mRNA vaccines promotes antibody affinity maturation in 

previously naturally infected or vaccinated individuals, contributing to increased 

protection against infection with Omicron variant(s) and subsequent disease.139 

In conclusion, our findings suggest that 14% of mRNA-1273 and 31% of 

BNT162b2 two-dose vaccine recipients ranging in age from 19 to 80 with an average age 

of 57 (median age of 60) may not have generated levels of NAbs ≥50%, and that 

additional COVID-19 vaccine doses might be indicated for these individuals. 

Longitudinal studies are ongoing to determine if high NAb levels in recipients of a third 

vaccine dose are more durable than NAb levels after two doses. 
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Abstract 

COVID-19 mRNA vaccines protect against severe disease and hospitalization. 

Neutralizing antibodies (NAbs) are a first-line defense mechanism, but protective NAb 

responses are variable. Currently, NAb testing is not widely available. This study 

employed a lateral flow assay for monitoring NAb levels postvaccination and natural 

infection, using a finger-stick drop of blood. We report longitudinal NAb data from 

BNT162b2 (Pfizer) and mRNA-1273 (Moderna) recipients after second and third doses. 

Results demonstrate a third dose of mRNA vaccine elicits higher and more durable NAb 

titers than the second dose, independent of manufacturer, sex, and age. Our analyses also 

revealed that vaccinated individuals could be categorized as strong, moderate, and poorly 

neutralizing responders. After the second dose, 34% of subjects were classified as strong 

responders, compared to 79% after the third dose. The final months of this study 

coincided with the emergence of the SARS-CoV-2 Omicron variant and symptomatic 

breakthrough infections within our study population. Lastly, we show that NAb levels 
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sufficient for protection from symptomatic infection with early SARS-CoV-2 variants 

were not protective against Omicron infection and disease. This work highlights the need 

for accessible vaccine response monitoring for use in healthcare, such that individuals, 

particularly those in vulnerable populations, can make informed vaccination decisions. 

 

 

Introduction 

COVID-19 mRNA vaccines BNT162b2 (Pfizer) and mRNA-1273 (Moderna) 

dramatically reduced the incidence of severe disease and hospitalization due to SARS-

CoV-2infection.63,65 One goal of all COVID-19 vaccines is to induce neutralizing 

antibodies (NAbs), which prevent the virus from infecting host cells.126,127,128 Vaccines 

also induce antiviral T cells that kill infected cells, but when cytotoxic T cells are 

engaged, the host is already infected and virus is actively replicating, creating the 

potential for transmission. In individuals vaccinated with the ancestral SARS-CoV-2 

spike protein-encoding mRNA, breakthrough infections likely occur due to waning levels 

of neutralizing antibodies140,141,142,143,144 or infection with a variant of concern, such as one 

of the Omicron variants.145,146 The principle neutralizing domain of SARS-CoV-2 spike 

glycoprotein is the receptor binding domain (RBD),94 although additional NAbs have 

been observed that target the N-terminal domain (NTD) of spike.111 Antibodies that target 

the RBD of spike have potent neutralizing activity,112 but are particularly prone to loss of 

efficacy as variants arise. RBD has been shown to be highly mutated in several variants 

of concern (VOCs), most significantly in the Omicron variant and subvariants.147 The 

assay employed in this study uses the RBD of SARS-CoV-2 USA-WA1/2020 spike for 
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detection of Nabs that inhibit RBD binding to host the cellular receptor, angiotensin-

converting enzyme 2 (ACE2). For the purposes of this study, NAbs that obstruct the 

RBD-ACE2 interaction are quantitatively measured (Figure 20) using a rapid lateral flow 

assay (LFA), previously described.32 The RBD-NAb LFA has been shown to detect 

vaccine-induced NAbs as well as those induced by natural infection.148 

 

Figure 20. Schematic diagram of NAb LFA principle/mechanism. (1) Fingerstick 
blood is obtained using a pressure-activated safety lancet. (2) Ten microliters of blood are 
transferred to the sample port on a test cassette. (3) Buffer is applied to the sample port. 
(Left to right) RBD of spike (blue) is shown coupled to a green-gold nanoshell (green-
GNS). Non-neutralizing antibodies (gold) are shown to bind outside of the RBD, such 
that in outcome (A) RBD-GNS is available to bind ACE2, seen as a strong test line. 
Neutralizing antibodies (maroon) are shown binding to RBD, obstructing the interaction 
between antigen and receptor, such that in outcome (B) RBD does not bind to ACE2, 
observed as a faint or absent test line. 
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 As the COVID-19 pandemic transitions into an endemic phase with potential 

surges occurring in different geographic locations at certain times of year, monitoring 

vaccine-induced immunity may be an important component of healthcare. Specifically, 

monitoring NAbs may also allow individuals and their healthcare providers to gauge 

when a booster might be warranted as NAbs wane, especially in vulnerable and 

immunosuppressed populations. Prevention of SARS-CoV-2 infections could reduce 

opportunities for the virus to mutate into more infectious or pathogenic VOCs, as has 

been demonstrated throughout the pandemic.149,150 Although measuring NAb titers has 

been suggested as a correlate of protection,124,125,117 it is not known what the risk of 

infection is, as NAb titers wane after both vaccination and natural infection. In addition to 

waning titers, it is known that natural infection alone may not elicit measurable levels of 

NAbs,88 especially when infections are mild.151 However, breakthrough infections have 

been reported to boost NAbs in vaccinated individuals.152 

We undertook this study to learn the durability of RBD-NAb titers in previously 

uninfected COVID-19 vaccine recipients after second and third vaccine doses. Here we 

report longitudinal second- and third-dose data from 302 healthy individuals and 

demonstrate the importance of a third dose for RBD-NAb longevity, independent of 

mRNA vaccine manufacturer. Since Omicron-variant infections became widespread 

during the final few months of our study, we present breakthrough infection data pre- and 

post-Omicron surge in the United States, specifically Arizona. This is the first report that 

employs a rapid NAb test to longitudinally measure levels of neutralizing antibodies after 

a second and third mRNA vaccine dose. 
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Materials and Methods 

Experimental Design 

The purpose of this study was to quantify RBD-NAb levels prior to and post-

mRNA vaccination using a rapid lateral flow assay developed previously in our 

laboratory.32 Participants were tested at variable timepoints prior to the second vaccine 

dose, then monthly for the remainder of their enrollment. Finger-stick blood samples 

were obtained within one week prior to 2nd dose, and 2–4 weeks post-2nd-dose. 

Longitudinal data were collected monthly according to the date of participants’ post-2nd-

dose test (n = 265). As third vaccine doses (boosters) became available, we began 

monitoring third-dose recipients’ RBD-NAbs in the same manner (n = 142). Some of the 

individuals in the 3rd-dose cohort were newly enrolled, although many continued from 

prior enrollment in the 2nd-dose study (n = 105), such that paired longitudinal data were 

collected from 105 participants. 

 

Participant Recruitment 

Male and female adults ranging in age from 18–80 years old upon entry into the 

study were recruited and enrolled with informed consent under a protocol approved by 

the institutional review board at Arizona State University (IRB #0601000548). 

Participants were enrolled at various times throughout vaccination and returned for 

monthly testing until the study completed. Reasons for termination of enrollment prior to 

completion of the study included breakthrough infection and participant dropout. 
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Inclusion/Exclusion Criteria  

Individuals under the age of 18 and older than 80 years old at the time of 

enrollment were excluded from this study, as well as individuals with PCR-confirmed 

natural infection prior to vaccination. Individuals with symptomatic and laboratory-

confirmed breakthrough infections as well as those that were asymptomatic but detected 

due to routine testing were excluded from data analyses; however, subjects were not 

required to test routinely for the purpose of the study. Patients actively undergoing cancer 

therapies or treatment for severe autoimmune disease with systemic immunosuppressive 

therapy were also excluded. The study population included healthy individuals between 

18 and 80. 

 

Longitudinal NAb Monitoring Using a Rapid RBD-NAb LFA 

Longitudinal monitoring was conducted using ten microliters of blood obtained 

from a finger stick using a 28-gauge, 1.8 mm pressure-activated safety lancet. Blood was 

transferred to the test cassette by volumetric micro transfer pipette and chased with two 

drops (50 µL total) of buffer. The test ran undisturbed on a flat surface for ten minutes, 

then read using a portable densitometer (Detekt RDS-2500) to quantify control and test 

line densities. Data were exported to Microsoft Excel using the Detekt Data Manager 

software (Detekt Biomedical, Austin, TX, USA) and recorded as de-identified 

participants in a master file. 
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Data analysis  

 Raw data were converted to percent neutralization by normalizing values 

according to the limit of detection previously defined for the rapid test.32 The equation 

used to calculate percent neutralization was: 1-(test line density/limit of detection)*100%. 

Limit of detection of least neutralizing serum was a density of 942,481 density units. 

Normalized data were subsequently analyzed using GraphPad Prism 9.0 (GraphPad 

Software, San Diego, CA, USA). Unsupervised hierarchical clustering, principal 

component analysis (PCA), and significance testing with correction for false discovery 

rate (FDR) were performed and results were visualized using R version 4.1.2. Percent 

neutralization graphs were made using Microsoft Excel version 16.6.1. Post hoc power 

analysis was performed and critical R2 visualized using G*Power version 3.1.9.6. 

Missing values were imputed using a subject-wise k-nearest-neighbor algorithm. 

Conversions between test line density, percent neutralization, and NAb ranges are 

demonstrated in Figure 21. All normalized or raw de-identified data can be made 

available upon request to the corresponding author. 

 

NAb LFA 
Test Image 

      

Test Line Density  
Units (thousands) 10-99 100-199 200-369 370-599 600-799 800-1000 

Neutralization (%) 99-90 89-80 79-61 60-36 35-15 ≤15 

NAb Titer Ranges <1:1280 
≥1:640 

<1:640  
≥1:320 

<1:320  
≥1:160 

<1:160  
≥1:80 

<1:80 
≥1:40 

 
≤1:40 

 
 
Figure 21. NAb LFA density units correspond to percent neutralization and NAb 
titer. Validation of the rapid NAb test using gold standard focus reduction neutralization 
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test (FRNT50) with authentic SARS-CoV-2 Wuhan isolate and correlation/regression 
analyses are previously described. Percent neutralization was calculated as 1-Test line 
density/Limit of Detection (942,481) *100%. Titers are based on the last dilution of a 
serum sample that inhibited 50% of infectious foci in a Focus Reduction Neutralization 
test.32,148 
 

 

Results 

We previously developed a rapid test to measure levels of neutralizing antibodies 

to SARS-CoV-2 using 10 µL of finger-stick peripheral blood.32 The test quantitatively 

measures antibodies that inhibit spike protein RBD-GNS from binding to ACE2 

(neutralizing antibodies) in a lateral flow assay. Test line density is quantified in a lateral 

flow assay reader, and converted to percent neutralization and NAb titers compared to a 

live-virus focus reduction neutralization test, as previously reported.148 The rapid test has 

been shown to measure NAbs induced after a natural infection and after mRNA 

vaccination.32 In this study, we monitored 302 individuals’ NAb responses after they 

received a second and/or third dose of COVID-19 mRNA vaccine. All study participants 

were healthy with no reported current comorbidities. We evaluated the durability of 

RBD-NAbs in COVID-19 mRNA vaccine recipients monthly for 6–8 months after the 

second dose, and for 6–8 months after the third dose. Study participants in whom 

breakthrough infections occurred were discontinued from the study at the time of the 

PCR-confirmed SARS-CoV-2 infection. 

The study began in December 2020 after participants began to receive their first 

dose of either BNT162b2 or mRNA-1273. If participants were available, NAb levels 

were measured within seven days prior to the second and third vaccine doses. At the 
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height of recruitment, 2–4 weeks after the second vaccine dose, 234 participants were 

enrolled. Nabs were measured 2–4 weeks after the second or third dose, then monthly for 

6–8 months. If a participant missed a month, they remained in the study until months 7 or 

8 or until the study was completed. The number of vaccinated participants in the second- 

and third-dose groups and corresponding demographics are shown in Table 4. A 

flowchart demonstrating sample sizes of the second- and third-dose groups is shown in 

Figure 22. 

 

 

Variable * Total (N = 265) 
n (%) 

Total (N = 142) 
n (%) 

 2nd Dose 3rd Dose 
BNT162b2 mRNA-1273 BNT162b2 mRNA-1273 

Sex     
Female 107 (40) 54 (20) 33 (23) 47 (33) 
Male 65 (25) 39 (15) 30 (21) 32 (23) 
Age     

(Median [range]) 55 [20–82] 50 [19–73] 61 [26–81] 58 [20–79] 
Female      

<65 87 (33) 47 (18) 21 (15) 34 (24) 
≥65 20 (8) 7 (3) 12 (8) 12 (8) 

Male     
<65 46 (17) 30 (11) 18 (13) 17 (12) 
≥65 19 (7) 9 (3) 12 (9) 16 (11) 

 

Table 4. Population demographics of COVID-19 mRNA vaccine study participants. 
Data shown as 2nd- and 3rd-dose population size (N). Sample sizes (n) are shown for sex 
and age subgroups with percentage of total population size (i.e., females < 65 years old 
that received a 2nd dose of BNT162b2 [n = 87] compose 33% of the total 2nd-dose 
population [N = 265]). All subjects included in analyses presented in this manuscript 
related to vaccine-induced NAbs were SARS-CoV-2 RT-PCR-negative at the time of 
enrollment and had no known breakthrough infections throughout the remainder of their 
enrollment. Subjects for which breakthrough infections did occur were included in 
vaccine-induced NAb data until the timepoint prior to infection, after which data were 
excluded. Such individuals are included in sample and population sizes above. 
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Figure 22 demonstrates annexation of sample size with respect to dose and 

vaccine manufacturer. This flowchart is provided for clarity of sample sizes discussed 

throughout the manuscript. Figures 24B and 24C in the main text reference “mixed” and 

“non-mixed” 3rd vaccine doses. 

 

 

Figure 22. Flowchart of mRNA-vaccinated subjects. Sample sizes for the second dose 
group are divided into BNT162b2 and mRNA-1273 recipients. The third dose group is 
first divided into mixed and non-mixed vaccine recipients, and subsequently by number 
of doses per vaccine manufacturer. 
 

 

Longitudinal NAb Titers  

The range of individuals’ NAb titers is shown at <1 week prior to a second 

vaccine dose, 2–4 weeks after dose two, and then monthly for 6–8 months for recipients 

of either BNT162b2 or mRNA-1273 vaccine (Figure 23A). Two to four weeks after the 

second dose, mean NAb titers increased from between 1:40 and 1:80 (35% 

neutralization) to between 1:160 and 1:320 (71% neutralization). However, 28% (65/234) 
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of second-dose recipients’ NAb titers did not reach 50% neutralization 2–4 weeks after 

the second vaccine dose, when antibody titers are typically at their peak. Between months 

two and three after a second dose, mean titers declined to between 1:80 and 1:160 (56% 

mean neutralization), and remained relatively constant between titers of 1:80 and 1:160. 

 

Figure 23. Comparison of 2ndand 3rd mRNA vaccine-induced NAb durability. (A) 
Second dose; (B) third dose. Gray circles represent percent neutralization from each 
study participant vaccinated with either BNT162b2 or mRNA-1273 within one week 
prior to vaccination (Pre-2nd), 2–4 weeks postvaccination (Post-2nd), then monthly after 
either second or third doses. The horizontal black lines with error bars represent mean 
with 95% confidence intervals. Dotted line is 50% neutralization. Numbers above each x-
axis time point indicate the number of participants. Reciprocal titer ranges corresponding 
to % neutralization are shown on the graphs as shaded purple (≥1:640), blue (<1:640, 
≥1:320), green (<1:320, >1:160), light grey (<1:160, ≥1:80), orange (<1:80, ≥1:40), and 
red (<1:40) as reported in [18]. Percent neutralization was calculated as 1-(test line 
density/limit of detection) x100% (limit of detection test line density = 942,481), as 
detailed previously.148 
 

Study participants received their third vaccine dose an average of 7 months after 

their second dose, when mean titers were between 1:40 and 1:80 (~25% neutralization). 
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Two to four weeks after a third dose, mean NAb titers increased to ≥1:640 (92% 

neutralization; Figure 23B). In contrast to the second dose of mRNA vaccine in which 

mean titers declined rapidly, NAbs remained elevated in third-dose vaccine recipients and 

did not drop below 50% mean neutralization, even at 6–8 months. 

 

Homologous and Heterologous mRNA Vaccination 

Our study design allowed for comparison of longitudinal NAb data between 

homologous booster vaccine recipients (i.e., those who received two or three doses from 

the same manufacturer) versus heterologous booster vaccine recipients, or those who 

received two or three doses from different manufacturers (mixed vaccines). After a 

second dose, recipients of mRNA-1273 elicited significantly stronger NAb responses at 

the post-second-dose timepoint through month 5 (p < 0.05-0.0005; Figure 24A). There 

were no significant differences in the NAb responses to different vaccines after the third 

dose (Figure 24B). It should be noted that all but one individual in the BNT162b2 group 

(n = 62) shown in Figure 24B had previously received two BNT162b2 vaccine doses. 

However, in the mRNA-1273 third dose group (n = 80), 31 individuals received mRNA-

1273 previously, while 48 individuals previously received BNT162b2. Further, we found 

that receiving a third dose of either mRNA vaccine was more important than adherence to 

one particular manufacturer (i.e., “mix and match”, Figure 24C), although at month 5, 

we observed a significant increase in percent neutralization of the mixed vaccine 

population, relative to the group that received three BNT162b2 doses (p < 0.05). The 

difference was resolved at months 6–8 post-third vaccination, and mean titers remained 

in the ≥ 1:160, <1:320 range, independent of vaccine manufacturer or mixed vaccines. 
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Figure 24. NAb durability of second and third mRNA vaccine doses by 
manufacturer. NAb test timepoints represented as percent neutralization are pre-2nd/3rd 
(within one week), post-2nd/3rd (2–4 weeks after second or third dose), and monthly for 6–
8 months after vaccination. (A) Longitudinal 2nd-dose data of BNT162b2 (Pfizer) in 
comparison to mRNA-1273 (Moderna). (B) Longitudinal 3rd-dose data. (C) Longitudinal 
3rd-dose data of individuals that received the same vaccine type for all three vaccine 
doses, in comparison to individuals that received two Pfizer doses and a Moderna booster 
dose. Data are shown as grouped box and whisker plots with error bars representing 5th–
95th percentile of each population. Outliers outside of the 5th–95th percentile are shown 
as circular symbols above or below error bars. Graphs A and B data were analyzed using 
nonparametric Mann–Whitney test to evaluate mean rank between groups with a two-
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tailed p-value (p < 0.05) and 95% confidence interval (CI). Graph C data were analyzed 
using a nonparametric Kruskal–Wallis test to evaluate mean rank between groups using 
multiple comparisons (two-tailed p < 0.05 and 95% CI). Titers corresponding to percent 
neutralization ranges are described (see Figure 23 legend). * p < 0.05, ** p <0.005, *** p 
< 0.0005. 
 

Sex-Based Differences 

Sex and age have previously been implicated as factors in COVID-19 vaccine 

efficacy.152 Although reports of sex-based differences with respect to humoral immunity 

elicited by mRNA vaccination have yielded conflicting results,153,154 antibody responses 

to other viral vaccines have been shown to be more robust in females.155 

We evaluated NAb levels in male and female vaccine recipients who were <65 

and those who were ≥ 65 after second and third doses. No sex-based differences were 

observed after second dose (Figure 25A) and we observed only a slight increase in mean 

titers of females (p = 0.05) 2–4 weeks post-third-dose (Figure 25B), although both males 

and females had means of ≥90% neutralization (NAb titer >1:640), 2–4 weeks post-third-

dose. 

 

Age-Based Differences 

When evaluating age, differences were observed only after the second dose, and 

when grouped as ≥ 65 or <65 years old (Figure 25C). Significant age-based differences 

were observed at post-second-dose and month 3 timepoints only (p < 0.05 and p < 0.005, 

respectively). When grouped at other age ranges, such as above and below 50 years, no 

differences were observed (data not shown). In vaccine recipients younger than 65, mean 

titers declined from between 1:320 and 1:160 (76% neutralization, mean + SEM) to 
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between 1:160 and 1:80 (44% neutralization, mean + SEM) at 2 and 6–8 months after the 

second dose, respectively (Figure 25C). However, by month 3 following the second dose 

in the 65-and-older cohort, mean titers declined to between 1:80 and 1:40 at 35% 

neutralization (mean + SEM), compared to 51% neutralization (mean + SEM) in the 

younger cohort (p < 0.005). Significant differences disappeared after month 4. In 

contrast, for both age groups after the third dose (Figure 25D), mean titers were 

sustained between 1:160, and 1:320 at 6–8 months, or ≥ 64% neutralization (mean + 

SEM), further strengthening the value of a third vaccine dose in a population 65 and 

older. 

 

Sex and Age-Based Differences 

When evaluating sex and age together, females < 65 had a slight tendency for 

higher mean titers compared to females ≥ 65, after both the second and third vaccine 

doses (Figure 25E). Statistically significant differences were observed when comparing 

females ≥ 65 and < 65 only at the month 3 timepoint after the second dose (p < 0.005), 

and differences disappeared by month 4. Additionally, only a modest significant 

difference in mean NAb levels was observed between females ≥ 65 and < 65 (p < 0.05), 

within one week prior to their third dose (Figure 25F). No additional differences were 

observed at subsequent timepoints following a third vaccine dose when comparing sex 

and age together. 
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Figure 25 demonstrates longitudinal analysis of NAb titers with respect to sex, 

age, and sex/age concurrently using unpaired 2nd and 3rd dose data sets.  

 

 
 
Figure 25. Comparison of 2nd and 3rd Dose NAb Durability by Sex and Age.  Graphs 
are grouped by column and row. Graphs in the left column represent 2nd dose data, 
grouped by sex (top row), age (≥ or < 65 years old, middle row), and combined sex and 
age analyses (bottom row). Graphs in the right column demonstrate 3rd dose data, 
grouped by row as detailed previously. A) Evaluation of sex-based differences after 2nd 
dose, and B) after 3rd dose. C) Evaluation of age-based differences after 2nd dose, and D) 
after 3rd dose. E) Evaluation of sex and age combined differences after 2nd dose, and F) 
after 3rd dose. Data are shown as grouped box and whisker plots with error bars 
representing 5th-95th percentile of each population. Outliers outside of the 5th-95th 
percentile are shown as circular symbols above or below error bars. Data corresponding 
to graphs in top and middle rows were analyzed using non-parametric Mann-Whitney test 
to evaluate mean rank between groups with a two-tailed P-value (p<0.05) and 95% 
confidence interval (CI). Bottom row graphs were generated from data analyzed using a 
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non-parametric Kruskal-Wallis test to evaluate mean rank between groups using multiple 
comparisons (two-tailed p<0. 05 and 95% CI). Axes are labeled as time (X) and percent 
neutralization (Y). Pre- and post-vaccine dose timepoints are defined in the (see Figure 
23 legend). 
 

 

Classification of Vaccine-Induced NAb Responses Using Unpaired Data 

Unpaired samples were analyzed by second and third doses. Unsupervised 

hierarchical clustering was performed on 265 subjects using percent neutralization data 

collected pre-second- and post-second-dose, as well as at months 2–8, and the associated 

dendrogram was analyzed for optimum grouping. As shown in Figure 26A, data were 

best arranged into two groups. The same analysis was performed using percent 

neutralization of 142 subjects collected similarly at pre-third- and post-third-dose, and at 

months 2–8. These data advocated most strongly for classification as two groups as well 

(Figure 26B). 

 Subjects were grouped as indicated by unsupervised clustering. Percent 

neutralization was graphed at each timepoint and then analyzed by dose. Following both 

the second and third doses, some subjects exhibited a strong neutralization response to 

vaccination while others exhibited a relatively tempered response in comparison (Figure 

26C,D). As such, the former group was labeled vaccine strong responders (VSRs) and the 

latter termed vaccine moderate responders, or VMRs. After the second dose, 201 subjects 

were classified as VMRs (~76%), while 64 subjects were classified as VSRs; 

interestingly, this observation was reversed following the third dose, with 112 subjects 

(~79%) classified as VSRs by immune response and only 30 subjects classified as VMRs. 

Percent neutralization of VSR and VMR groups was significantly different at all 
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timepoints for both second (Figure 26C) and third (Figure 26D) doses; both groups 

showed significant differences in percent neutralization at the q = 0.001 level for all 

timepoints except pre-third-dose, which was significant at q = 0.05. 

 

PCA was performed for the second- and third-dose data and respective score plots 

were analyzed for separation and percent variance (Figure 26E,F). Using percent 

neutralization data from pre-second-dose to months 6–8, VSR and VMR groups showed 

appreciable separation and accounted for 63.3% of between-group variance (Figure 

26E). Using third dose data, even greater separation between VSR and VMR groups was 

noted, while PC1 and PC2 accounted for 70.3% of observed variance (Figure 26F). 

Cumulatively, PCA results confirm major differences in percent neutralization across 

time between VSR and VMR groups indicated by unsupervised clustering (Figure 

26A,B) and identified by significance testing (Figure 26C,D). 
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Figure 26. 2nd and 3rd vaccine dose cluster analyses of longitudinal NAb data. (A,B) 
Unsupervised hierarchical clustering analysis performed using (A) 265 s dose subjects 
with percent neutralization data collected at pre-2nd dose, post-2nd dose, month 2, month 
3, month 4, month 5, and months 6–8, and (B) 142 third-dose subjects with percent 
neutralization data collected at pre-3rd dose, post-3rd dose, month 2, month 3, month 4, 
month 5, and months 6–8. Dendrograms from both (A,B) show that the data are best 
classified as two groups such that within-group covariance is greater than between-group 
variance. In (A), 201 subjects were grouped as “vaccine moderate responders” while 64 
subjects were classified as “vaccine strong responders” (VSR), while in (B), 30 subjects 
were classified as “vaccine moderate responders” (VMR) and 112 subjects were 
classified as “vaccine strong responders” (see (C,D)). (C,D) Line graphs showing percent 
neutralization by time following (C) 2nd dose and (D) 3rd dose between VSR and VMR. 
Data were grouped as indicated by unsupervised clustering (A,B). Error bars represent 
standard error. Significance determined by Mann–Whitney U test; FDR-controlled q 
values shown. * q < 0.05, *** q < 0.001. (E,F) PCA performed using percent 
neutralization values from (E) pre-2nd dose to months 6–8, and (F) pre-3rd dose to 
months 6–8. For both PCA score plots, subjects were classified as VSR or VMR via 
unsupervised clustering and significance analysis of measured differences in percent 
neutralization at each timepoint 
 
 
 

Subjects were also analyzed by dose, irrespective of response group. In Figure 

27, percent neutralization in response to second and third doses is graphed for each 

timepoint from pre-dose to months 6–8. At pre-second and pre-third doses, no significant 

difference in percent neutralization was observed (q > 0.05). However, at post-second 

and post-third doses, a significant difference in percent neutralization was observed 

between recipients (q < 0.001), a trend that continued through months 6–8. 
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Figure 27. Percent neutralization between 2nd and 3rd vaccine dose. Error bars 
represent standard error. Significance determined by Mann–Whitney U test; FDR-
controlled q values shown. 
 

 

Classification of Vaccine-Induced NAb Responses using Paired Longitudinal Data 

Unsupervised hierarchical clustering on data from 105 subjects from which we 

obtained concomitant second- and third-dose data across 14 timepoints revealed a 

tendency for two groups (Figure 28A). Subjects were grouped as indicated by the 

dendrogram, and percent neutralization across the 14 timepoints with coexistent data was 

graphed to assess longitudinal vaccine durability between groups. As can be seen in 

Figure 28B, two distinct trends in percent neutralization emerged when subjects were 
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grouped as indicated by clustering. VSRs (n = 42) showed the strongest response to the 

second dose and remained VSRs after the third dose.  

The other group, VMRs, to which the majority of subjects with concurrent data 

were assigned (n = 63), showed a moderate response to vaccination in comparison to the 

VSR group, especially with regard to the second dose, and remained VMRs after the third 

dose. A Mann–Whitney U test was used to assess significant differences in percent 

neutralization between identified groups across measured timepoints and type I error was 

controlled for FDR (i.e., q values reported). Notably, no significant between-group 

difference was observed pre-second dose (q > 0.05), although both groups were 

significantly different from post-second dose to months 14–16. VSR and VMR groups 

showed significant differences in percent neutralization at the q = 0.001 level following 

the second dose as well as at months 2, 4, 5, 11, 12, 13, and 14–16. Groups were also 

significantly different from each other at month 3, pre-third-dose, and at month 10 (q < 

0.01), while groups differed least significantly at months 6–8 and post-third-dose (q < 

0.05). 
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Figure 28. Grouping analyses of paired longitudinal NAb data. (A) Unsupervised 
hierarchical clustering analysis performed using 105 subjects with percent neutralization 
data collected at pre- and post-2nd dose, month 2, month 3, month 4, month 5, months 6–
8, pre- and post-3rd dose, month 10, month 11, month 12, month 13, and months 14–16. 
Subjects were grouped as indicated by dendrogram and analysis of line graphs revealed 
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the nature of two distinct groups (see (B)): VSRs (n = 42), VMRs (n = 63). (B) Line 
graph showing longitudinal vaccine durability (i.e., percent neutralization by time in 
response to 2nd and 3rd doses) between VSRs (n = 42) and VMRs (n = 63). Data were 
grouped as indicated by unsupervised clustering (A). Error bars represent standard error. 
Significance determined by Mann–Whitney U test; FDR-controlled q values shown. 
Referent line placed at 50% neutralization. (C) PCA performed using percent 
neutralization values from 105 subjects with longitudinal data from pre-2nd dose to 
months 14–16. Subjects were classified as VSR (green) or VMR (blue) via unsupervised 
clustering and significance analysis of measured differences in percent neutralization at 
each timepoint. A subgroup of the VMR population with poor neutralizing responses to 
mRNA vaccination, VPRs (n = 7), are shown outlined in red and loosely clustered within 
the VMR group (blue). (D) Paired longitudinal 2nd- and 3rd-dose data for VPR subjects 
identified in (C). 
 
 
 

PCA was performed for the paired longitudinal data between VSR and VMR 

subjects for which parallel second- and third-dose data were obtained (n = 105) and the 

two-dimensional score plot was analyzed for separation and percent variance (Figure 

28C). Using percent neutralization data from pre-second dose to months 14–16, VSR and 

VMR groups showed appreciable separation and accounted for 48.5% of between-group 

variance. Cumulatively, PCA results confirm major differences in percent neutralization 

across time between VSR and VMR groups indicated by unsupervised clustering (Figure 

28A) and identified by significance testing (Figure 28B). 

A post hoc power analysis was performed to compute achieved β given α (0.05), 

sample size (N = 105), and effect size (R2 = 0.3). With these parameters, power was 

calculated for a two-tailed, random-model linear multiple regression (exact test) with 

14 predictors; power (i.e., 1- β) was calculated to be 0.974 (Figure 29). 
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Figure 29. Post hoc power analysis of paired longitudinal data. Computation of power 
analysis set given a (0.05), sample size (N = 105) and effect size (R2 = 0.3). Statistic 
calculated for two-tailed, random-model linear multiple regression (exact test) with 14 
predictors: power (1 – b) = 0.974. 
 

 

Clustering analyses of paired longitudinal data statistically favored vaccinated 

subjects categorized as two groups. However, a third, loosely clustered population (n = 7) 

can be visualized within the VMR group (Figure 28C, red circle). Although this minor 

subgroup is not statistically defined, all seven subjects showed a particularly weak 

neutralization response to vaccination and subsequent poor durability. As such, this group 

was identified as vaccine poor responders (VPRs). Average percent neutralization at post-

second- and post-third-dose timepoints was 31% and 54%, respectively (Figure 28D). 

The seven VPRs identified in Figure 28C were an average age of 68 years old and were 

57% male. 
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Breakthrough Infections 

During the last 4 months of this study (December 2021–March 2022), Omicron 

became the dominant variant circulating in the study population. Prior to the Omicron 

surge in the United States and throughout the Delta variant wave, we observed only 14 

PCR-confirmed breakthrough infections in our study population of mRNA vaccine 

recipients. Ninety-three percent (13/14) of these breakthrough infections occurred when 

NAb titers were <1:80 (Figure 30). These thirteen breakthrough infections demonstrated 

an average of 16% neutralization (median 17%, range 0–84%) prior to infection. Only 

one individual in the pre-Omicron breakthrough population had a NAb titer >1:80. 

Conversely, 14 individuals that had high NAb titers (≥1:640 [n = 9], ≥1:320 [n = 

2] and ≥1:160 [n = 3], average 90% neutralization) after receiving a third mRNA vaccine 

dose became symptomatic with a breakthrough infection, as Omicron had already 

become the dominant variant in circulation,156 (range 67–99%, median 97%) 

(Supplementary Figure S5). The majority of the individuals with Omicron breakthrough 

infections had titers ≥1:320 (≥80% neutralization) to the ancestral-strain RBD used in our 

test prior to natural infection. Population demographics, vaccination data, and time 

between NAb and PCR testing are shown in the Supplementary Materials (Table 5).  
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Figure 30 demonstrates NAb titers prior to breakthrough infection in a population 

infected prior to the emergence of the SARS-CoV-2 Omicron variant (Delta variant or 

earlier), compared to a population infected during the Omicron wave.  

 

 

Figure 30. NAb titers of naturally infected subjects pre and post Omicron 
dominance. NAb data prior to infection are shown as percent neutralization violin plots 
where solid black lines represent median, and dotted black lines indicate upper and lower 
quartiles. A single outlier in the pre-December 2021 group had 84% neutralization prior 
to infection, however, was on the 2nd week of a 40 mg/day prednisone taper at the time of 
infection. Demographic information pertaining to individuals in both groups are detailed 
in Table 5.  
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Table 5A and B are provided in reference to Figure 30, to give readers additional 

information regarding the time between vaccination, NAb testing, and confirmed 

breakthrough infection. 

 

Age Sex 
1st/2nd Dose 

mRNA Vaccine 
Date of 2nd 

Dose  
Pre-Infection 

NAb Test 

Pre-Infection  
% Neut.  

(NAb Titer) 
Date of 

PCR+ 
NAb Test to 
PCR+ (days) 

46-50 M BNT162b2 Mar-2021 Sep-2021 84.2 (>1:320) Sep-2021 8 

31-35 M BNT162b2 Jan-2021 Apr-2021 32.3 (<1:80) Oct-2021 187 

26-30 F BNT162b2 Jan-2021 Jul-2021 28.5 (<1:80) Aug-2021 18 

61-65 M BNT162b2 Jan-2021 Aug-2021 25.6 (<1:80) Sep-2021 20 

76-80 F BNT162b2 Jan-2021 May-2021 21.3 (<1:80) Jul-2021 61 

31-35 F mRNA-1273 Mar-2021 Sep-2021 20.8 (<1:80) Nov-2021 40 

51-55 M BNT162b2 Feb-2021 Sep-2021 19.4 (<1:80) Sep-2021 8 

51-55 F mRNA-1273 Feb-2021 Aug-2021 16.6 (<1:80) Sep-2021 21 

76-80 M BNT162b2 Feb-2021 May-2021 16.3 (<1:80) Jul-2021 53 

51-55 F mRNA-1273 Feb-2021 Sep-2021 10.8 (<1:40) Nov-2021 69 

56-60 M BNT162b2 Feb-2021 Oct-2021 10.1 (<1:40) Oct-2021 3 

81-85 F BNT162b2 Feb-2021 Sep-2021 7.3 (<1:40) Oct-2021 23 

46-50 F BNT162b2 Feb-2021 Oct-2021 2.9 (<1:40) Nov-2021 43 

41-45 F BNT162b2 Mar-2021 Aug-2021 0.0 (<1:40) Sep-2021 17 

 

Age Sex 
1st/2nd Dose 

mRNA Vaccine 
3rd Dose mRNA 

Vaccine 
Date of 

3rd Dose 

Pre-
Infection 
NAb Test 

Pre- Infection 
% Neut. 

(NAb Titer)  
Date of 

PCR+ 

NAb Test 
to PCR+ 
(days) 

31-35 M mRNA-1273 mRNA-1273 Nov-2021 Dec-2021 98.9 (>1:640) Jan-2022 26 

61-65 F BNT162b2 BNT162b2 Oct-2021 Dec-2021 98.8 (>1:640) Dec-2021 19 

56-60 F BNT162b2 BNT162b2 Oct-2021 Jan-2022 98.8 (>1:640) Jan-2022 17 

46-50 F BNT162b2 mRNA-1273 Sep-2021 Dec-2021 98.5 (>1:640) Jan-2022 34 

51-55 F BNT162b2 mRNA-1273 Oct-2021 Dec-2021 98.5 (>1:640) Jan-2022 27 

51-55 F BNT162b2 BNT162b2 Oct-2021 Dec-2021 98.4 (>1:640) Jan-2022 20 

36-40 F BNT162b2 mRNA-1273 Nov-2021 Nov-2021 97.4 (>1:640) Jan-2022 60 

46-50 M BNT162b2 mRNA-1273 Aug-2021 Nov-2021 96.9 (>1:640) Jan-2022 34 

46-50 M BNT162b2 BNT162b2 Oct-2021 Dec-2021 89.7 (>1:640) Jan-2022 27 

41-45 F BNT162b2 BNT162b2 Oct-2021 Dec-2021 85.0 (>1:320) Jan-2022 25 

66-70 M mRNA-1273 mRNA-1273 Oct-2021 Dec-2021 81.6 (>1:320) Jan-2022 30 

61-65 M BNT162b2 BNT162b2 Aug-2021 Dec-2021 77.6 (>1:160) Dec-2021 18 

41-45 F BNT162b2 BNT162b2 Oct-2021 Dec-2021 73.4 (>1:160) Jan-2022 24 

36-40 F mRNA-1273 mRNA-1273 Sep-2021 Jan-2022 67.4 (>1:160) Jan-2022 6 

B 

A 
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Table 5. Breakthrough infection population demographics. (A) Pre-Omicron and (B) 
Post-Omicron population demographics, vaccination status, and NAb result preceding 
infection. Age, sex, 1st/2nd vaccine dose and date, 3rd dose vaccine and date (if applicable), 
date of last NAb test prior to infection, pre-infection NAb result, date of positive PCR for 
SARS-CoV-2 detection, and days between NAb and PCR dates are detailed in these 
tables. Pre-infection NAb test result is shown as % neutralization, calculated using the 
limit of detection our rapid NAb lateral flow as described previously Average age of the 
pre- and post-December 2021 populations were 54 and 49 (median 55 and 49.5), 
respectively. Populations in (A) and (B) were 57% and 64% female, respectively.  
 

 

Discussion 

In this manuscript, we report durability of RBD-NAb levels elicited by second 

and third doses of COVID-19 mRNA vaccines, BNT162b2 and mRNA-1273, using a 

quantitative rapid test. Our study demonstrates three main findings: (i) a third vaccine 

dose elicits NAb titers that are higher and more durable than a second dose; (ii) the 

increase in NAb titers and durability of response are independent of vaccine 

manufacturer; and (iii) high titer NAbs elicited by a third vaccine dose for which mRNA 

sequences encode spike glycoprotein of the Wuhan-Hu-1 SARS-CoV-2 isolate do not 

protect against infection and symptomatic disease with Omicron variants, but appear to 

protect against severe disease and hospitalization. 

One striking feature of our data is the wide range of individual NAb titers elicited 

by a second vaccine dose. This observation is most notable in BNT162b2 vaccine 

recipients compared to mRNA-1273 vaccine recipients post-second-dose (Figure 24A). 

When NAb titers should be at their highest levels, 2–4 weeks after vaccination, nearly 

one-quarter of BNT162b2 recipients did not reach NAb levels of 50%.148 Two to four 

weeks after the second dose, mRNA-1273-vaccinated individuals exhibited significantly 
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higher NAb titers relative to BNT162b2-vaccinated individuals (p < 0.0005) and retained 

significance through month 5 (p < 0.05–0.0005). By six months after the second dose, 

both groups fell below 50% neutralization and no significant difference was observed. 

These findings demonstrate that although the vaccines elicit high-titer NAbs in the 

majority of recipients, a large portion of a population that is currently considered to be 

fully vaccinated with two doses may not have mounted adequate protective NAb 

responses. The wide range of individual responses highlight the need for accessible NAb 

testing for individualized vaccine response monitoring. However, we wish to note that 

this study did not measure T-cell reactivity, an important component of long-term 

immunity postvaccination.157 

We observed that a third mRNA vaccine dose was highly effective in inducing 

NAb titers >1:640 at 2–4 weeks postvaccination, independent of vaccine manufacturer 

(Figure 3B). Both BNT162b2 and mRNA-1273 groups exhibited higher and more 

durable titers (≤1:320, >1:160) that neutralized ≥60% 6–8 months after vaccination, 

although mean titers for the mRNA-1273 group were slightly higher. Interestingly, at 

month 5, the mixed vaccine group demonstrated a significant increase in neutralization 

relative to the group that received all three BNT162b2 doses (Figure 24C). No 

differences in mean titers between mixed and non-mixed vaccine groups were observed 

at 6–8 months; however, when comparing median titers of mixed and non-mixed groups, 

we observed an 8–12% neutralization increase in the group that received three mRNA-

1273 doses compared to those that received three doses of BNT162b2 or mixed vaccines, 

respectively. The group that received all three mRNA-1273 vaccines had mean titers 
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more proximal to the 1:320 to 1:640 range, measured 6–8 months following their last 

vaccination, suggesting increased durability for mRNA-1273 vaccine recipients. 

Statistical analysis of unpaired percent neutralization data revealed two distinct 

groups within our second- (n = 265) and third-dose (n = 142) populations (Figure 26), 

moderate responders (VMRs), and strong responders (VSRs). Analyses of paired second- 

and third-dose longitudinal data (n = 105) also demonstrated VMRs and VSRs as two 

statistically distinct groups; however, we observed a small subgroup of subjects (n = 7) 

statistically clustered within the VMR group that we called VPRs, shown in Figure 28C. 

Paired longitudinal data for these seven subjects demonstrated suboptimal RBD 

neutralization in response to vaccination, combined with poor durability of those 

responses, rarely neutralizing greater than 50% (Figure 28D). Although a minor 

subpopulation, VPRs highlight a group of otherwise healthy individuals that fail to mount 

high-titer protective antibody responses to mRNA vaccination, and likely do not know 

that their vaccine did not elicit high-titer protective NAbs. Ongoing investigations in our 

laboratory aim to investigate T-cell differences in VSR, VMR, and VPR groups, but are 

beyond the scope of this report. 

NAbs as a correlate of protection remain undefined and are complicated by 

evolving variants, demonstrated by data shown in Figure 30. As the technology is 

available to rapidly measure titers of protective NAbs and is fairly easily modified to the 

circulating variant, it is possible to deploy variant-specific rapid tests on a large scale to 

establish a probability of infection based on titers of RBD-Nabs that reflect the variant(s) 

in circulation.  
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Limitations of our study include the surrogate nature of the rapid test, which 

detects NAbs that block RBD from binding to ACE2. The test does not detect antibodies 

that neutralize by binding to the N-terminal domain111 or outside the RBD-ACE2 binding 

site.94,112,118 However, the RBD is a major determinant of neutralization,118 and FDA 

approved therapeutic monoclonal antibodies block RBD from binding to ACE2.120,158 

Another limitation is in the cohort of mixed vaccines. Study participants who 

mixed vaccines received BNT162b2 as their first and second doses and mRNA-1273 as a 

third dose, but we had only one participant who received two doses of mRNA-1273 

followed by a third dose of BNT162b2 (Figure 22). Although mean NAb titers declined 

to lower levels in BNT162b2 vaccine recipients than in mRNA-1273 recipients, they 

were both in the <1:160, ≥1:80 range at 6–8 months. 

It is well-established that COVID-19 mRNA vaccines protect against severe 

disease and hospitalization, but protection wanes over time131 and a probability of 

infection at given NAb titers is not known, although multiple models have been 

reported.117,159 For example, is an individual with a NAb titer of 1:320 considered to be 

‘twice’ as well protected from infection as someone with a NAb titer of 1:160? This 

question is difficult to answer and is confounded by evolving SARS-CoV-2 variants such 

as Omicron and its subvariants, as well as other effector functions of binding antibodies 

and cell-mediated immune responses. 

Prior to December 2021 and throughout the Delta wave, breakthrough infections 

occurred almost exclusively in study participants whose NAb titers were <1:80, 

suggesting that titers below 1:80 might not protect against symptomatic infection. 

However, when Omicron displaced Delta as the dominant variant in circulation, even 
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individuals with high titers (>1:320) elicited by a third vaccine dose of vaccine became 

symptomatically infected.  

To be considered fully vaccinated at the time of this writing, one must have 

received two doses of either mRNA vaccine or a single dose of Ad26.CoV2.S.160 Our 

data suggest that a third dose provides a more durable NAb response than two doses and 

support the likely need for subsequent booster vaccines after the second and third doses.  

As is evident by surges in Omicron cases across the United States,161 many of 

which are symptomatic infections in “boosted” individuals months out from their last 

vaccine,145,161 additional vaccinations containing one or more Omicron variant(s) spike 

encoding mRNA may be warranted. It is unclear at this time what the evolutionary space 

of SARS-CoV-2 will be, and what the frequency of vaccination to protect against 

symptomatic infection will be. Our results, along with many other reports of 

breakthrough infections in third-dose recipients,161 implicate the importance of variant-

specific booster vaccines. Furthermore, individuals’ responses to variant-specific 

vaccines could be monitored using a rapid NAb test. 

While many have called for NAb test accessibility, we acknowledge that this 

remains a heavily debated topic, as the implications of that knowledge are not clearly 

defined. We wish to highlight the importance of quantifying protective antibodies, 

particularly in people who have high contact with vulnerable populations, which include 

but are not limited to immunosuppressed and immunodeficient individuals, cancer and 

transplant patients, and elderly people, in addition to vulnerable individuals themselves. 

This is the first study that reports individual mRNA vaccine-induced NAb responses 

longitudinally using a rapid test. It demonstrates that an accessible NAb test may prove 
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useful so that individuals and their healthcare providers can make informed decisions 

about vaccination and boosting, based on their risk tolerance potential for infection with 

SARS-CoV-2. 
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CHAPTER V 

DEVELOPMENT OF SARS-COV-2 VARIANT-SPECIFIC NEUTRALIZING 
ANTIBODY LATERAL FLOW ASSAYS  

 

Introduction 

Emergence of the SARS-CoV-2 B.1.1.529 (BA.1) Omicron variant began in 

November of 2021162 just months after the Delta wave peaked in July, and was followed 

by the largest waves of infection thus far in the COVID-19 pandemic. In December of 

2021, we observed an increased frequency of breakthrough infections while conducting 

our longitudinal mRNA vaccine-induced NAb study, compared to the few we observed 

during Delta and prior waves. At that time, many study participants had received a third 

mRNA vaccine dose, either homologous or heterologous to the primary two-series 

vaccine received. Despite NAb titers ≥ 1:640 induced by a third vaccine dose encoding 

ancestral spike protein measured just a week prior, Omicron (BA.1) infected many 

vaccinated individuals with high titer peripheral NAbs against ancestral spike protein. 

The global conversation surrounding a likely need for variant-specific vaccines began 

shortly after the emergence of Omicron.  

NAbs have been proposed as a potential ‘correlate of protection’ (CoP)125,163 to 

assess probability of SARS-CoV-2 infection at a given time, however, the idea is heavily 

confounded by the emergence of evolving variants. If such a metric is to be established 

using NAbs as the correlate, quantification of NAbs which target ancestral spike protein 

encoded by initial COVID-19 mRNA vaccines is obsolete and therefore, variant-specific 

NAb tests are critically needed. To address this critical need, we developed a BA.1-

specific NAb LFA and performed corresponding validation studies. However, by the time 
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these studies were completed, BA.1 had been replaced as the dominant variant in 

circulation, thus our utility for the BA.1 LFA was limited.  

New omicron subvariants quickly evolved in the months that followed, and 

BA.4/5 eventually emerged as the dominant variant in the US, in July of 2022.164,165 With 

the same intention, to quantify variant-specific NAbs, we began modification of the BA.1 

NAb LFA to contain BA.5 spike protein, and conducted corresponding validation 

experiments. In this chapter, we present data generated for the development and 

validation of BA.1 and BA.5-specific NAb LFAs, in addition to correlation/regression 

analyses demonstrating the relationship between LFA density values and IC50 values 

obtained using live virus FRNT assays in the BSL-3 laboratory. We observed a 

significant negative correlation for both BA.1 and BA.5 NAb LFAs, as density values are 

inversely proportional to NAb concentrations. Our BA.5 NAb LFA is currently being 

used as part of a collaborative sero-surveillance study at Arizona State University, for 

which we have tested more than 1,000 serum samples thus far. This collaborative work 

remains ongoing and is therefore otherwise omitted from this dissertation, however, we 

hope the example may provide insight to the potential utilities of this assay.  

 

Methods 

Specimen collection 

Subjects were recruited and enrolled in these cohorts based on sequencing-

confirmed infection with BA.1 or BA.5 SARS-CoV-2 variants. Ten milliliters of whole 

blood were obtained from all subjects with informed consent under a protocol approved 

by the Arizona State University Institutional Review Board (IRB #0601000548). Blood 
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was coagulated and processed for serum isolation, aliquoted, and stored at -80°C until 

thawed for use.  

 

NAb LFA testing 

 Serum was thawed on ice and mixed well prior to use. NAb LFAs were run in 

duplicate using 6 µL of serum, followed by 50 µL of chase buffer per test. Tests were left 

to run undisturbed for 10 minutes prior to reading. All tests were read using a RDS-2500 

(Detekt Biosciences) portable benchtop densitometer. 

 

Focus Reduction Neutralization Test (FRNT) 

 To determine IC50 values for serum samples, we performed FRNT assays using 13 

convalescent BA.1 sera, and 10 convalescent BA.5 sera. IC50 values for validation of the 

BA.1 NAb LFA were obtained from FRNT infections using BA.1 virus, and BA.5 IC50 

values from BA.5 virus. Assays were performed under high-containment facilities as 

previously described. 

 

Data analyses  

 NAb LFA density values and IC50 values were imported into GraphPad Prism, 

Log2-transformed, then analyzed using a correlation/linear regression curve fit. 

Equations derived from the correlation/regression analyses were used to calculate 

predicted IC50 values, which were extrapolated to NAb titer as previously described 

(Chapter III, page 49). Data are also normalized to percent neutralization using the limit 

of detection specific to each assay, as described. 32,148,166 
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Results 

To quantify SARS-CoV-2 variant-specific neutralizing antibodies, we developed 

a BA.1 and BA.5 NAb LFAs in the same manner as the original test. We demonstrate 

validation of the BA.1 NAb LFA using 13 serum samples from individuals with 

sequencing-confirmed BA.1 infections and determined IC50 values for these samples by 

FRNT in the BSL-3 laboratory using SARS-CoV-2 BA.1.1.529 virus, such that LFA 

density values could be correlated with known titers or IC50 values. We observed a 

significant correlation (r = -0.91, p < 0.0001) between IC50 and LFA density (Figure 31), 

indicating the BA.1-specific test was a suitable surrogate for gold-standard neutralization 

assays.  
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Figure 31. Validation of a BA.1-specific NAb LFA. (A) IC50 values for all samples 
obtained from dilution curves seen in (C-E). (B) Density values and IC50 values were 
Log2-transformed and analyzed using a simple linear regression and nonparametric 
Spearman correlation with two-tailed P value and a 95% confidence interval (CI). 
Regression analysis with 95% CI boundaries is indicated in solid black and grey dotted 
lines. Spearman’s rho and two-tailed P value are labeled. (C-E) Titration curves from all 
BA.1-infected FRNT plates (left) represented as Log10 dilution factor (x-axis) and percent 
neutralization (y-axis), and FRNT plate images (left).  
 

 

Using 10 serum samples isolated from BA.5-infected individuals we performed 

FFA experiments in the BSL-3 laboratory using SARS-CoV-2 BA.5 virus to determine 

BA.5-specific NAb titers of the convalescent sera. We observed a significant correlation 

(r = -0.81, p < 0.006) between IC50 and NAb LFA density (Figure 32), and used the 

equation (y = -1.037*X + 24.90) derived from a linear regression analysis to predict IC50 

values from a given LFA density. Using this equation, we established density unit ranges 

which correspond to predicted IC50 calculations, NAb titers, and percent neutralization 

(Table 6).  
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Figure 32. Validation of a BA.5-specific NAb LFA. (A) Serum titration curves from all 
samples represented as Log10 dilution factor (x-axis) and percent neutralization (y axis). 
Dotted line represents 50% neutralization. (B) IC50 values derived from serum titration 
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curves shown in (A). (C) Density values and IC50 values were Log2-transformed and 
analyzed using a simple linear regression and nonparametric Spearman correlation with 
two-tailed P value and a 95% CI. Regression analysis with 95% CI boundaries is 
indicated in solid black and grey dotted lines. Spearman’s rho and two-tailed P value are 
labeled. 
 

 

Density IC50 Reciprocal 
NAb Titer 

% Neutralization 

37,999 to 18,770 1280.02 to 648.37 1280 to 640 97 to 95% 

77,999 - 38,000 648.37 to 324.08 640 to 320 95 to 89% 

159,999 - 78,000 324.08 to 162.09 320 to 160 89 to 78% 

329,999 - 160,000 162.09 to 80.65 160 to 80 78 to 54% 

330,000 - 680,000 80.65 to 40.16 80 to 40 54 to 6% 

> 700,000 39.05 ≤ 40 3% 

 
Table 6. BA.5 NAb LFA Density unit conversion to IC50, reciprocal NAb titer, and 
percent neutralization. Density dynamic range is represented as 18,770 density units to 
>700,000 density units. IC50 dyamic range is represented as 39.05-1280.02, 
corresponding to NAb titers of ≥ 40 and ≥ 640, respectively. Reciprocal NAb titers range 
from 40 to 1280, and % neutralizaton ranges from 3 to 97%.  

 

 

Discussion 

Interestingly, in our original NAb cohort, we found that even subjects with high 

NAb titers (>1:640) became symptomatically infected once Omicron emerged as the 

dominant SARS-CoV-2 variant in circulation. This led us to question whether the NAbs 

measured by our LFA were no longer neutralizing in the context of new circulating 

SARS-CoV-2 variants. Thus, we validated LFAs for measurement of two SARS-CoV-2 

Omicron subvariants, BA.1 and BA.5. We collected convalescent sera from PCR-
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confirmed naturally infected subjects and conducted FRNT assays using live SARS-CoV-

2 virus for each variant. Through gold standard FRNT assays, we were able to calculate 

IC50 values and reciprocal NAb titers, which were then correlated back to LFA density 

units to generate a standard curve, such that units can be converted between LFA density 

ranges, NAb titers, IC50 values, and percent neutralization. Successful validation of two 

additional NAb LFAs that assess neutralization capacity to a SARS-CoV-2 Omicron 

variants potentially enables: 1) rapid and longitudinal monitoring of antibody responses 

following new variant specific booster vaccinations, 2) ability to assess neutralization 

potential (and thus degree of protection) against circulating variants, and 3) investigation 

into the magnitude of different NAb responses generated against different variants 

following natural infection or variant-specific immunization.  
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CHAPTER VI 

T CELL AND CYTOKINE PROFILING OF SARS-COV-2 MRNA VACCINE 

INDUCED NEUTRALIZING ANTIBODY POOR RESPONDERS 

 

Introduction 

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), causative 

pathogen of Coronavirus Disease 2019 (COVID-19), emerged in December of 2019 and 

was declared a pandemic by World Health Organization (WHO) in March of 2020.40 In 

the first year of the SARS-CoV-2 pandemic, prior to vaccines and monoclonal antibody 

therapeutics, when COVID-19 convalescent plasma (CCP) was the most specific 

treatment available, our laboratory developed a ten-minute lateral flow assay (LFA) to 

quantify SARS-CoV-2 neutralizing antibodies (NAbs) in whole blood, plasma, or 

serum.32 Initially, we developed this LFA for rapid quantitation NAbs in CCP, as the 

literature at the time reported ~30% of naturally infected individuals fail to generate 

NAbs throughout convalescence.52 Although CCP administration was near obsolete by 

the time our assay was validated, we used our NAb LFA to conduct an 18-month 

longitudinal study which measured COVID-19 mRNA vaccine-induced NAbs after 1st, 

2nd, and 3rd doses in more than 500 individuals. 166 

 Longitudinal NAb surveillance following mRNA vaccination led to the 

identification of three distinct response groups, each of which exhibited a unique trend in 

neutralization following 2nd and 3rd vaccinations. First, the vaccine strong responders 

(VSRs) were those that mounted high NAb titers (≥1:640) and sustained high titers for 

several months following 2nd and 3rd vaccinations. Moderate responders (VMRs) initially 
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mounted high titers, however, the VMR group waned much more rapidly when compared 

to VSRs, most notably after 3rd dose.166 Lastly, there remained a small population of 

individuals for which three doses of COVID-19 mRNA vaccine failed to induce peak 

mean NAb titers ≥ 1:160, termed, vaccine poor responders (VPRs). Despite low/no titer 

NAbs following 2nd and 3rd vaccination, VPRs are otherwise healthy individuals that 

range in age from 37 to 73 years old (46% female). Further, all subjects classified as 

VPRs, VMRs, and VSRs, followed comparable, standard vaccination protocols (informed 

by CDC and FDA guidance) with respect to timing of first, second, and third 

immunizations. Consequent to our longitudinal study, we questioned if other 

immunologic memory compartments were hindered in these VPR individuals, and how 

they compared to VMR and VSR groups.   

Immunologic memory, the basis of vaccination, is often generated naturally 

following primary pathogen exposure and persists following pathogen clearance. 

Antigen-specific memory cells of the adaptive immune system (B cells, CD4+ T cells, 

and CD8+ T cells) are already primed by vaccination or natural infection to respond to 

pathogen and thus facilitate early control of pathogen entry and dissemination. 167,168 The 

cellular arm of the adaptive immune system refers to antigen-specific CD4+ and CD8+ T 

cells that facilitate extracellular and intracellular pathogen clearance through secretion of 

various inflammatory chemical signals (cytokines and chemokines) or through cell-cell 

contact mediated killing of virally infected cells, respectively. The humoral arm of the 

adaptive immune system refers to antigen-specific B cells and the antibodies they secrete. 

In the context of viral infection, a primary goal of immunization is to elicit the production 

of neutralizing antibodies (NAbs),169 such that intracellular infection is limited by a first-
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line humoral immune response. An equally crucial goal of immunization is the elicitation 

of a durable memory CD8+ T cell population for early identification and killing of virally 

infected host cells to limit viral replication and spread. In addition, cytokines and 

chemokines secreted by memory CD4+  T cells limit viral replication at sites of 

infection.170,171 Recently, a critical role for T follicular helper cells (Tfh), a specialized 

population of CD4+ T cells in secondary lymphoid tissues, in facilitating B cell 

activation/proliferation, germinal center (GC) formation, and production of high affinity 

NAbs has been described.173,174 Although Tfh cells act in lymphoid tissues sites in the 

context of inflammation/vaccination, a population of circulating Tfh (cTfh) cells have 

been identified in peripheral blood after GC dissolution. cTfh cells are thought to 

function as a memory compartment for prior GC reactions, poised to quickly seed 

formation of GCs upon subsequent antigen encounters.172 

 In the context of SARS-CoV-2, durable anti-spike IgG antibodies, memory B 

cells, as well as circulating memory CD4+ and CD8+ T cells have been detected 6-8 

months after infection, supporting the idea that diverse memory responses arise following 

natural infection.167 In addition to SARS-CoV-2-specific CD4+ and CD8+ T cell 

responses, robust circulating follicular helper T cell (cTfh) memory was observed ≥ 6 

months post-infection in several cohorts.172  

T follicular helper (Tfh) cells, conventionally defined as CD4+CXCR5+ T cells 

expressing the transcription factor Bcl6, provide critical cognate help to antigen-specific 

B cells in germinal center (GC) reactions to initiate and maintain humoral immune 

responses,83 and are crucial for the generation of high affinity NAbs.173,174 Upon antigen 

encounter, Tfh cells can localize to secondary lymphoid tissues where they interact with 
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cognate B cells at the border between the B cell follicle and T cell zone, to undergo 

further maturation and imprinting of Tfh fate.83,175 Committed Tfh cells can then penetrate 

the B cell follicle and initiate GC formation.175 Tfh cells residing within the GC light zone 

are thought to arbitrate GC B cell affinity-driven competition, as well as GC B cell 

proliferation and differentiation into plasma or memory B cells which reflect the quality 

of cognate B and Tfh cell interactions.83 Our interest in Tfh cells arose early in the 

COVID-19 pandemic, when a loss of Bcl6 expression and GC formation was shown in 

cohort of individuals with severe natural infections.176 In several other naturally infected 

populations, spike-specific cTfh were observed to correlate with NAbs and increase 

during early convalescence.172,177 Additionally, cTfh cells were associated with reduced 

disease severity, and are observed to further increase in frequency over time.178 

In a vaccination context, COVID-19 mRNA vaccines, BNT162b2 (Pfizer) and 

mRNA-1273 (Moderna), both elicited robust spike-specific CD4+ T cell activation 

comparable to or higher than that of previously infected individuals. Vaccine-induced 

memory CD4+ T cells were detected in nearly 100% of individuals 6 months after second 

vaccination for both BNT162b2 and mRNA-1273 cohorts .179,180,181 Additionally, vaccine-

elicited CD4+ cTfh numbers were reported to be stably maintained for 6 months post 

vaccination and strongly correlate with NAb response magnitude.182 Interestingly, 

changes in cTfh phenotype have also been observed by multiple groups in the first 

months following vaccination.181,183,184 mRNA vaccine-induced spike-specific CD8+ T 

cells, however, are observed to wane more rapidly in comparison to CD4+ cells, although 

frequencies of vaccine-induced CD8+ T cells were comparable to previously infected 

individuals at 6 months.179 Spike specific CD8+ T cells were detectable in 41-65% of 
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individuals at 6 months following second mRNA vaccination,181 although more recent 

reports demonstrate transient re-activation of CD8+ T cells following 3rd and 4th vaccine 

doses.185 

Following our longitudinal NAb study, we hypothesized that vaccine-induced 

CD4+ and CD8+ T cells in VPR, VMR, and VSR groups would either be reflective of 

their NAb response magnitudes (i.e. VPRs show both low T cell and NAb responses vs 

VMR and VSR), or that T cell responses would be enhanced in VPRs to compensate for 

low NAb titers (i.e. VPRs show stronger T cell activation vs VMR and VSR). We further 

hypothesized that mRNA vaccine-induced NAb response groups could be defined by 

unique cellular immunity profiles, including differences in activated CD4+ and CD8+ T 

cell abundance, T follicular helper cell activation and abundance, and cytokine mediated 

signaling.  

  To assess CD4+ and CD8+ T cell activation, we used activation-induced marker 

(AIM) assays to evaluate spike-specific T cell responses in VPR, VMR, and VSR 

peripheral blood mononuclear cells (PBMCs) following stimulation with overlapping 

peptide megapools spanning the full-length spike protein. We also evaluated abundance 

and activation of cTfh cells across NAb response groups. Further, as varying 

immunophenotypes of CXCR5+ Tfh cells have been reported to differentially influence B 

cell engagement and antibody production, we assessed classically defined cTfh 

phenotypes by assessment of cell surface expression of chemokine receptor CCR6 and 

CXCR3.186 To evaluate cytokine differences, we used a multi-analyte human cytokine 

bead-based multiplex assay (LegendPLEX, BioLegend) to quantify 25 cytokines in the 

culture supernatant of peptide-stimulated PBMCs across donor groups. 
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 We observed comparable antigen-specific CD4+ and CD8+ T cell activation in 

VPR subjects relative to VMR and VSR groups, indicating that the VPR population 

indeed generated an antigen-specific T cell response to mRNA vaccination. When 

evaluating bulk cTfh (CD4+CXCR5+) cells, we observed a significantly increased 

frequency of CCR6+CXCR3- (cTfh17-like) cells in VPRs relative to VMRs, however, 

activated cTfh characterized by OX40 and CD40-L expression demonstrated 

significantly increased CCR6-CXCR3+ (cTfh1-like) cells in VPRs, relative to VMRs and 

VSRs. Interestingly, while analyzing the AIM data set, we also observed increased 

frequencies of CD4+CD8+ and CD8low T cells within the VPR group. Most unexpectedly, 

we observed VPRs to have a significant increase in mean frequency of  CXCR5+ CD8+ T 

cells as a frequency of CD3+ cells, compared to VMRs and VSRs.  

 

 

Materials and Methods 

Experimental Design 

 The purpose of this study was to evaluate CD4+ and CD8+ T cell responses in 

COVID-19 mRNA vaccinated subjects previously classified as having poor (VPR, n = 

11), moderate (VMR, n = 5), or strong (VSR, n = 7) NAb responses to vaccination, in 

addition to naturally infected individuals (n = 6) and pre-December 2019 normal donors 

(n = 8). Vaccinated subjects were asked to provide a one-time whole blood donation 

following informed consent, which was then processed for isolation of PBMCs and 

plasma. All donor PBMCs and plasma were aliquoted and frozen at -80°C prior to liquid 

nitrogen preservation, such that a single thaw was applied consistently throughout 
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experiments. Cells were stimulated with peptide and assessed for antigen-specific 

activation via multi-color cell surface marker staining, and data were collected via flow 

cytometry. Supernatant was harvested from stimulated cells, stored at -80°C, then 

ultimately used for cytokine quantitation via multiplex bead-based assay read via flow 

cytometry.  

 

Subject Recruitment and Enrollment 

 Male and female adults ranging in age from 26 – 73 years old upon entry into the 

study were recruited and enrolled with informed consent under a protocol approved by 

the institutional review board at Arizona State University (IRB #0601000548). 

Participants in the T cell study were pre-selected from our previous longitudinal NAb 

study166 on the basis of having met criteria for VPR, VMR, and VSR response group 

status. Subjects were contacted via email as was detailed in the consent initially obtained 

for NAb study enrollment and asked if they were willing to provide a one-time, 80 mL (8 

x 10 mL tubes) blood donation. Willing donors were brought back into the laboratory for 

blood collection, provided with new informed consent, and were compensated by 

collection volume at $0.40/mL, per our IRB protocol.  

 

Inclusion/Exclusion Criteria 

 Individuals under the age of 18 and older than 80 years old at the time of 

enrollment were excluded from this study, in addition to patients actively undergoing 

cancer therapies or treatment for severe autoimmune disease with systemic 

immunosuppressive therapy. The study population included individuals ranged in age 
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from 26 – 73 years old, that received at least three doses of COVID-19 mRNA vaccine 

(BNT162b2 or mRNA-1273) at the time of blood collection, had longitudinal NAb data 

available for 3-6 months following 2nd and 3rd dose, and could be classified as a VPR, 

VMR, or VSR. To exclusively evaluate vaccine-induced immunity, all subjects with a 

history of natural infection after vaccination were excluded from this study. All subjects 

included denied any history of natural infection at the time of blood donation unless 

otherwise indicated throughout the manuscript.  

 

Blood Processing and Storage 

 Upon completion of enrollment, 80 mL of peripheral whole blood was collected 

using BD Vacutainer Safety-Lok Blood Collection Set into 10 mL sodium heparin-coated 

vacutainer tubes. Immediately following collection, blood was pooled and processed for 

isolation of peripheral blood mononuclear cells (PBMCs) using a Ficoll-Paque density 

gradient and centrifugation. Whole blood layered on Ficoll-Paque was centrifuged at 

1900 rpm for 20 minutes without deceleration breaks. Plasma was aspirated and pooled 

into a separate tube for aliquoting and long-term storage at -80°C. The buffy coat 

containing lymphocytes was collected from each tube, pooled into two 50 mL conical 

tubes, and washed three times with 35 mL of 1X PBS. Washed cells were resuspended in 

1X PBS + 5% heat-inactivated fetal bovine serum (HI-FBS) then counted via 

hemocytometer and pelleted for aliquoting and storage. Cell pellets were resuspended in 

freeze medium (dimethylsulfoxide, DMSO, + 10% HI-FBS) and aliquoted into 1.8 mL 

cryovials at 10^6 cells per vial. All donor PBMC vials were stored in liquid nitrogen until 

thawed for use.   
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Peptide Megapool Preparation 

 Individual peptides spanning the full length of SARS-CoV-2 spike glycoprotein 

and nucleocapsid protein were ordered from Biodefense and Emerging Infections 

Research Resources Repository (BEI Resources). Peptides are 17-mers or 13-mers with 

10 amino acids overlap. Lyophilized peptides were reconstituted at 2 mg/mL in 50% 

DMSO. Individual peptides were aliquoted and stored in -80°C for future use. Peptide 

megapools were generated by sequentially pooling 80 µg of individual peptides, then 

lyophilizing via Labconco CentriVap Benchtop Concentrator at 40°C for 12-16 hours 

until all remaining solvent was evaporated. Lyophilized spike and nucleocapsid 

megapools were reconstituted with 100% DMSO and diluted to 50% DMSO with sterile 

molecular grade water (REF) at 1 mg/mL of each peptide. Immediately prior to use, 

megapools were diluted to 2 µg/mL in Dulbecco’s Modified Eagle Medium (DMEM) 

with 10% FBS. Peptides were plated at a final concentration of 1 µg/mL each peptide in a 

200 µL final well volume.  

 

T Cell Activation Assays  

 Frozen PBMCs were thawed into DMEM with 10% FBS, washed, and 

resuspended in media then rested overnight at 37°C with 5% CO2. Prior to plating, cells 

were pelleted and resuspended in fresh media, counted, and assessed for viability. Cells 

were resuspended at 10*10^6 cells/mL, then plated in round bottom 96 well tissue culture 

plates at 10^6 cells/well in 100 µL of media.  For activation induced marker (AIM) 
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assays, cells were stimulated with peptide immediately following plating. For T follicular 

helper (Tfh) cell assays, all wells were blocked with human anti-CD40 monoclonal 

antibody at 5 µg/mL for 15 minutes at 37°C prior to peptide stimulation. All AIM and 

TFH plates were incubated for 24 hours at 37°C with 5% CO2. Following incubation, 

plates were centrifuged at 1400 rpm for 10 minutes, and supernatant was harvested for 

cytokine multiplex assays. Stimulated cells were washed in 1X PBS and immediately 

used for AIM cell surface staining.  

 

Activation Induced Marker Cell Surface Staining 

 Cell surface markers used to assess SARS-CoV-2 antigen-specific T cell 

responses in our donor cohorts included CD137 and OX40 for CD4+ T cells, and CD69 

and CD137 for CD8+ T cell activation. Prior to staining, cells were resuspended and 

blocked in 200 µL 1X PAB buffer with 5% FBS for 1 hour at 4°C shaking slowly. 

Human anti-CD3, CD4, CD8, CD69, CD137, and OX40 antibodies were diluted in 

blocking/staining buffer and added to all wells in a 50 µL staining volume (see Appendix 

E, antibody panels). All plates were resuspended and incubated at 4°C for 2 hours 

shaking and protected from light. Plates were washed and fixed in 4% paraformaldehyde 

for 30 minutes at 4°C, then washed and resuspended in 200 µL of buffer for analysis by 

flow cytometry (see Appendix D, gating workflows).  

 

T Follicular Helper Cell Staining 

 Surface markers used for identification of Tfh cells included human anti-CD3, 

CD4, CD8, CXCR5, OX40, CD40L, PD-1, CCR6, and CXCR3 (see appendix E, 
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antibody panels). All plates containing stimulated donor PBMCs were blocked, stained, 

fixed, and washed as indicated above. Cells were resuspended in 200 µL of buffer and 

analyzed by flow cytometry (see Appendix D, gating workflows).  

 

Flow cytometric analyses  

 All samples were run on a CytoFLEX LX cytometer (Beckman Coulter) using the 

high throughput plate settings, with 96-well round bottom plates. Data were recorded as 

5*10^4 lymphocyte events for AIM, and 1*10^5 lymphocyte events for Tfh wells. 

Exported .fcs files were imported to FlowJo 10.8.1 for population gating prior to graphic 

and statistical analyses performed using GraphPad Prism 10.0.  

 

Multiplex Cytokine Assays 

 Supernatant was harvested from 24-hour AIM plates and stored at -80°C until all 

T cell stimulation assays had been completed. Cytokines were evaluated using the 

LegendPLEX multiplex bead arrays (BioLegend) according to manufacturer instruction. 

We used the Human Cytokine 13-plex and Human T helper (Th) Cytokine 12-plex kits to 

investigate cytokine profiles between donor groups from stimulated PBMC supernatant. 

Collectively, these include IL-2, IL-4, IL-5, IL-6, IL-9, IL-10, IL-13, IL-17A, IL-17F, IL-

22, IFNg, TNFa, IL-1a, IL-1b, IFNa2, IL-12p40, IL-12p70, IL-15, IL-18, IL-21, IL-27, 

IL-33, GMCSF, and TSLP. Data were recorded on the CytoFLEX instrument using a 

gating threshold of 3,600 total events per well for the 12-plex, and 3,900 total events for 

the 13-plex assays. All assays were run with duplicate standard concentrations of each 

analyte diluted 4-fold per manufacturer instructions. Files were exported and uploaded to 
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the LegendPLEX Qognit (BioLegend) analysis software, upon which gating of A and B 

bead populations by size, and each subpopulation within A and B gates by fluorescent 

intensity was performed manually. Calculated cytokine concentrations derived from 

standard curve dilutions were exported to Excel and formatted for statistical evaluation 

using GraphPad Prism 10.  

 

Statistical Analyses 

 Data were analyzed for statistical significance using GraphPad Prism 10. 

Significance was assessed using Brown-Forsythe and Welch ANOVA testing to evaluate 

equality of means between groups using multiple comparisons without correction, such 

that each comparison stands alone (p < 0.05 and 95% CI). All significant p-values are 

indicated on their respective graphs throughout this chapter.  

 

 

Results 

This study aimed to investigate differences in T cell activation and T cell 

abundance among three groups of individuals with strong, moderate, and poorly 

neutralizing anti-spike antibody responses elicited by SARS-CoV-2 mRNA vaccination. 

Vaccinated NAb response groups are referred to as VSRs, VMRs, and VPRs throughout 

this manuscript. We used peptide megapools to stimulate donor PBMCs, then measured 

CD4+ and CD8+ T cell activation after 24 hours. We did not observe differences in 

antigen-specific activation of CD4+ and CD8+ T cells between groups as initially 

hypothesized, thus, VPRs had mean T cell activation comparable to VMRs and VSRs 
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upon Spike peptide stimulation in vitro (Figure 33).  

 

 
 
Figure 33. Activation Induced Marker staining of spike peptide stimulated PBMCs. 
(A) Total CD4+ and CD8+ T cells (top), and activated CD4+ and CD8+ T cells (bottom) 
shown as normalized cell number. Activated CD4+ and CD8+ populations refer to 
OX40+CD137+ and CD69+CD137+ cells, respectively. (B) Total (top) and activated 
(bottom) CD4+ and CD8+ T cells shown as frequency of parent. (C) Baseline-corrected 
flow cytometric data represented as frequency of parent (top), and normalized cell 
number (bottom). Data were corrected using a fractional ratio (fold change) of spike-
stimulated cells relative to equimolar DMSO-treated cells (top), and calculating the 
difference between spike and DMSO-treated cells (bottom) using GraphPad Prism 10.0. 

A B 

D C 
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(D) Representative pseudo-contour plots demonstrating CD4+ (left) and CD8+ (right) 
activation under spike-stimulated (top) and DMSO-treated conditions (bottom).  

 

Interestingly, we observed an increase in cell number and frequency of double 

positive CD4+CD8+ T cells in VPRs as compared to VMRs and VSRs (Figure 34). As 

dual expression of CD4 and CD8 is best described in the context of thymic T cell 

development (immature double-positive thymocytes), we sought to evaluate the 

maturation status of the CD4+CD8+ T cells identified in VPRs by assessment of surface 

CCR7 and CD45RA expression. Unexpectedly, we found this population to be primarily 

comprised of CCR7+CD45RA- cells, indicative of a central memory T (Tcm) cell 

phenotype (Figure 34). The data also demonstrated an increased frequency and cell 

number of CD8low T cells in VPRs, when compared to VMRs, but not VSRs. To 

summarize these findings and visualize the frequencies of CD4+, CD8+, and CD4+CD8+ 

double positive T cell populations across donor groups following spike-peptide 

stimulation, we pooled representative VSR, VMR, and VPR samples and generated t-

distributed stochastic neighbor embedding (t-SNE) plots from CD3+ lymphocytes (Figure 

33 E). The t-SNE plots show that while VSR, VMR, and VPR cells all contribute to 

CD4+ and CD8+ T cell populations, the CD4+CD8+ population is uniquely enriched with 

VPR derived cells. 

Interestingly, while CD4+CD8+ cells highly expressed CD69, they did not express 

CD137 (41BB) or OX40 (Figure 33E). Additionally, CD8low cells were observed to 

express higher surface OX40 compared to their CD8hi counterparts (Appendix F, CD8hi 

vs. CD8low AIM), demonstrating differential activation marker expression within these 

expanded populations. Antigen specificity of the CD4+CD8+ and CD8low T cell 
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populations appears to be more abundant in some VPR individuals than others, as 

CD4+CD8+ populations are also present in unstimulated controls. However, CD4+CD8+ 

populations were expanded under spike-peptide stimulated conditions to varying degrees 

(data not shown), suggesting a potential pre-existing or cross-reactive etiology of these 

cell populations. Ongoing work in our laboratory aims to investigate antigen specificity 

by tetramer staining a subgroup of VPR, VMR, and VSR in addition to HLA typing of 

these individuals for evaluation of allele frequency and peptide compatibility.  

 

A 

D 

B 

C 

E 
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Figure 34. Identification of CD4+CD8+ and CD8low T cells in VPR subjects. (A) 
Normalized cell counts and (B) frequencies of CD4+CD8+ and CD8low cells among CD3+ 
lymphocytes from VSR, VMR, and VPR donors following spike-peptide stimulation. (C) 
Representative flow cytometric pseudo-color dot plots of CD3+ lymphocyte populations 
from VSR (left), VMR (center), and VPR (right) donors. Uniform gating strategy used 
for enumeration of CD4+CD8+ cells and CD8low cell populations from CD3+ lymphocytes 
is demonstrated in quadrants Q1 and Q2. (D) Representative assessment of T cell 
maturity among the CD4+CD8+ cell population. The majority of CD4+CD8+ T cells are 
CCR7+ CD45RA-, indicative of a central memory (CM) phenotype. (E) t-distributed 
stochastic neighbor embedding (t-SNE) visualization of pooled donor CD3+ lymphocyte 
populations with CD4+ (red), CD8+ (orange), and CD4+CD8+ (green) T cell populations 
overlaid (left). Histograms show relative cell surface marker expression for each T cell 
population. t-SNE visualization of pooled donor CD3+ lymphocyte populations with VSR 
(blue), VMR (teal), and VPR (pink) donor group origin overlaid (right).  Histograms 
show relative cell surface marker expression for each representative donor.  
 

 

T follicular helper cells classically defined as CD4+ T cells expressing the 

transcription factor Bcl6 and surface chemokine receptor CXCR5, facilitate B cell 

activation/proliferation, germinal center (GC) formation, and production of high-affinity 

antibodies in secondary lymphoid tissue.83 Although Tfh cells act in lymphoid tissues 

sites in the context of inflammation/vaccination, a population of circulating Tfh (cTfh) 

cells have been identified in peripheral blood after GC dissolution. cTfh cells are thought 

to function as memory compartment for prior GC reactions, poised to quickly seed 

formation of GCs upon subsequent antigen encounters.187 Our interest in Tfh cells 

initially arose early-pandemic when it was reported that individuals with severe natural 

infection showed a loss of Bcl6 expression.176 Considering the differences in NAb 

response magnitude to mRNA vaccination among individuals that we and others 

observed,166 we hypothesized that discordant activation of CD4+ cTfh phenotypes could 

distinguish VPRs from VMR and VSR groups. Due to the low total frequency of cTfh 

cells in whole PBMCs, we evaluated bulk CD4+ cTfh (CXCR5+) (Figure 35) and 
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activated CD4+ cTfh (CXCR5+OX40+CD40L+) (Figure 36) abundance. We also assessed 

differences in cTfh phenotypes, conferred by CXCR3 and CCR6 expression, of bulk and 

activated cells between groups. cTfh phenotypes are defined as cTfh1 (CXCR3+CCR6-), 

cTfh2 (CXCR3-CCR6-), cTfh17 (CXCR3-CCR6+), and cTfh1/17 (CXCR3+CCR6+) 

cells.188 

  

Figure 35. Characterization of bulk CD4+ cTfh in VPR, VMR, and VSR subjects. 
(A) Total CD4+ T cell abundance represented as a frequency of the CD3+ parent 

B 

A 

C 
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population (left), CXCR5+ frequency of CD4+ cells (middle), and CXCR5+ frequency of 
CD3+ cells (right). (B) cTfh phenotype characterization by CXCR3 and CCR6 
expression, represented as VPR, VMR, and VSR frequency of CXCR5+ cells for all four 
quadrants seen in (C). Q1 refers to cTfh17 cells (CCR6+CXCR3-), Q2 refers to cTfh1/17 
cells (CCR6+CXCR3+), Q3 refers to cTfh1 cells (CCR6-CXCR3+), and Q4 refers to 
cTfh2 cells (CCR6-CXCR3-). (C) Representative gating workflow for enumeration of 
bulk CD4+ Tfh cells isolated from peripheral blood. Cells are first gated on CD3+CD4+ 
populations prior to CXCR5+ gating. Data are shown as contour plots at level 10% 
generated using FlowJo v10 analysis software.  
 

When evaluating bulk CD4+ Tfh, we observed a significant increase in the 

frequency of CCR6+CXCR3- (cTfh17, Q1) cells in VPRs as compared to VMRs (p < 

0.05) (Figure 35). However, when we assessed activated CD4+ Tfh, VPRs demonstrated 

a significantly increased mean frequency and cell number of CCR6-CXCR3+ (cTfh1, Q3) 

cells, in comparison with both VMRs and VSRs (p < 0.05) (Figure 36). Consequently, or 

perhaps proportionally, VPRs have a significantly decreased mean frequency of 

CCR6+CXCR3+ (cTfh1/17, Q2) cells, in comparison to VSRs (Figure 36).  
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Figure 36. Characterization of activated cTfh in VPR, VMR, and VSR subjects. (A) 
Frequency of parent and (B) normalized cell counts per million PBMCs of activated 
CD4+CXCR5+ T cells (cTfh). Enumeration of activated cTfh cells were characterized by 
OX40 and CD40L surface expression, and cTfh phenotypes were characterized according 
to CCR6 and CXCR3 expression. Activated cTfh were assessed using two gating 
strategies in parallel. First, we assessed OX40 and CD40L expression on CXCR5+ CD4+ 
T cells (top row A & B), followed by enumeration of CXCR3 and CCR6 expression. Our 
alternative gating strategy (bottom row A & B) first quantified OX40 and CD40L 
expression on CD4+ cells, then CXCR5+ expression, followed by CXCR3 and CCR6 
quadrant gating (See Appendix D, gating workflows). Uniform gating strategy was 
applied to all donors. Statistical testing is described in methods section of the main text 
and p-values indicated on graphs. 
 
 

B 
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Unexpectedly, we observed several individuals within the VPR population to 

have an increased number and frequency (among bulk cTfh) of CD8+CXCR5+ cells, 

when compared to VMRs and VSRs (Figure 37), although differences in activated 

CD8+CXCR5+ cells were not seen (data not shown). Lastly, we observed no difference in 

PD-1 expression in CD4+ or CD8+ CXCR5+ T cell populations between groups (data not 

shown).  

 
 
Figure 37. Assessment of bulk CD8+ T cell CXCR5, CCR6, and CXCR3 expression. 
(A) Representative gating workflow demonstrating enumeration of CD3+CD8+ T cells 
(top), CXCR5+ CD8+ cells (middle), followed by CCR6 and CXCR3 expression (bottom) 
of the CXCR5+ parent population. (B) Quantitation of total CD8+ T cells as a frequency 
of CD3+ cells (left), CXCR5+ as a frequency of CD8+ cells (middle), and CXCR5+CD8+ 
cells as a frequency of CD3+ cells (right) are shown for VPR, VMR, and VSR 
individuals.  (C) CCR6 and CXCR3 expression on CXCR5+CD8+ cell populations, 
denoted as Q1 (CCR6+CXCR3-), Q2 (CCR6+CXCR3+), Q3 (CCR6-CXCR3+), and Q4 

B A 
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(CCR6-CXCR3-) graphs listed from left to right. Statistical testing is described in 
methods section of the main text and p-values are indicated on graphs.  
 

 

It is important to note that nomenclature with respect to CD8+CXCR5+ cell 

populations is not clearly defined nor agreed upon, as their cytotoxic function, in addition 

to the ability to provide B cell help, has been reported in various other viral and 

immunologic contexts.189,190,191  

 

Flow cytometric multi-analyte cytokine quantitation by multiplexed bead-based assay 

In addition to AIM and cTfh characterization of donor T cell responses to Spike-

peptide stimulation in vitro, we measured the concentration of 25 different cytokines in 

culture supernatants following 24-hour peptide stimulation (Figure 38), using a bead-

based multi-analyte immunosorbent assay (LegendPLEX, BioLegend). Data were 

collected on CytoFLEX LX (Beckman Coulter) and analyzed using the Qognit © 

LegendPLEX (BioLegend) analysis software.  

Although several cytokines (measured from supernatant) included in our panel 

were below the assay limit of detection after 24 hour stimulation, we evaluated TNFa, 

IL-2, IL-27, and IFNg for statistically significant differences. We found that VPRs and 

VSRs produced significantly more IFNg (p < 0.05, < 0.03, respectively), compared to 

individuals with a past natural infection (NIs). Significant differences between vaccinated 

groups, however, were not observed in the cell supernatant of stimulated PBMCs for any 

of the cytokines we measured.  
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Figure 38. Cytokine profiling of supernatants from peptide-stimulated VPR, VMR, 
and VSR PBMCs. (A) Cytokines of interest represented as bar graphs with individual 
symbols corresponding to VPRs, VMRs, and VSRs. Data are represented as 
picograms/mL, error bars indicate mean +/- SEM. (B) Heatmap demonstrating 
differential cytokine expression across all donor groups. Scale provided is shown in 
pg/mL.  
 

 

 

B 
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Discussion 

 In Chapter VI of this dissertation, we report SARS-CoV-2-specific T cell and 

cytokine profiling of groups previously identified to elicit strong, moderate, and poorly 

neutralizing antibody responses to COVID-19 mRNA vaccination.166 We measured CD4+ 

and CD8+ T cell activation following spike-peptide stimulation in vitro, using OX40 and 

CD137 (41BB) to assess CD4+ activation, and CD137 and CD69 to assess CD8 

activation. We found that poor NAb responders (VPR) had comparable CD4+ and CD8+ 

T cell activation compared to moderate (VMR) and strong (VSR) responders, indicating 

that VPRs indeed mounted an antigen-specific T cell response to mRNA vaccination.  

When analyzing the AIM data set for differences between groups, we observed an 

increased frequency of CD4+CD8+ T cells in VPR donors, relative to VMRs and VSRs. 

Peripheral circulating T cells expressing both CD4 and CD8 are present at low 

frequencies (< 1-3%), have been observed to increase with age > 65 years, and are often 

thymic-derived, naïve, double positive (DP) thymocytes that escaped prior to positive and 

negative selection.192,193,194  However, when we further evaluated surface marker 

expression of spike-peptide expanded CD4+CD8+ T cells, we observed most to be 

CCR7+CD45RA- , resembling a central memory (Tcm) phenotype.  

We also evaluated circulating CXCR5+ T follicular helper cells (cTfh), as a 

memory population of GC Tfh cells, due to their role in B cell activation/proliferation 

and neutralizing antibody production .83 We also assessed cTfh phenotype, characterized 

by CCR6 and CXCR3 chemokine receptor expression on CXCR5+ cells. Although the 
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functional capacities of classically subdivided cTfh populations188 are diverse and 

etiologically unclear, their different phenotypes conferring putative TH1, TH2, and 

TH17-like features have been implicated in various viral and vaccination contexts as 

correlated with NAb production.195,196,197 Due to the low frequency of Tfh in circulation, 

we measured bulk cTfh (total CXCR5+) and activated cTfh (OX40+ CD40L+) cells in 

CD4+ and CD8+ T cell populations. In bulk CD4+ cTfh, we found that VPRs had a 

significant increase in mean frequency of CCR6+CXCR3- (cTfh17) cells in comparison to 

VMRs. However, when evaluating activated cTfh (CD4+CXCR5+ OX40+CD40L+), we 

found a significant increase in mean frequency of CCR6-CXCR3+ (cTfh1) cells, 

compared to both VMRs and VSRs. Further, we observed a significantly decreased mean 

frequency of activated CCR6+CXCR3+ (cTfh1/17) in VPRs relative to VSRs, suggesting 

a difference underlying vaccine-induced T follicular helper immunopathology in these 

individuals.  

Lastly, we investigated the presence of circulating CD8+CXCR5+ cells in our 

cohort, as these cell populations have been implicated in various chronic viral infections 

and immunizations, humoral autoimmunity, several solid tissue cancers, and in the 

regulation of B cell tolerance.189,198 In the same manner as CD4+CXCR5+ cells, we 

assessed bulk and activated populations. Surprisingly, we observed significantly 

increased bulk CD8+CXCR5+ cells as a frequency of CD3+ cells, exclusively in VPRs. 

No differences in OX40 and CD40L expression were observed for the CD8+CXCR5+ 

cells, however, we did observe a significantly increased frequency of CCR6-CXCR3+ 

(cTfh1) cells and significantly decreased frequency of CCR6+CXCR3+ (cTfh1/17) cells 

within the bulk CD8+CXCR5+ population identified in VPR individuals, similarly to 
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trends seen in bulk CD4+ cTfh populations. The implications of identifying such a cell 

population are controversial, as T follicular helpers are generally regarded exclusively as 

CD4+ cells. However, CD8+CXCR5+ cells are now a widely recognized CD8+ T cell 

subset that are capable of homing to GCs and secondary lymphoid organs. CD8+CXCR5+ 

cells are in some cases referred to as follicular cytotoxic T cells or CD8+ T follicular cells 

(Tfc), however, they are not functionally comparable in all contexts and cannot be 

generalized as such.  

The identification of discordant CD4+CD8+, CD8low, and CD8+CXCR5+ cell 

populations in VPR individuals presents novel findings, however, the relationship 

between these cell types and NAb generation in the context of COVID-19 mRNA 

vaccination remains unknown. Further investigation is needed to determine the antigen-

specificity of these cell populations, as antigen-specific expansion was more apparent in 

some donors following peptide stimulation than others. Such investigations might include 

tetramer staining of stimulated and/or isolated populations of interest, followed by T cell 

receptor repertoire (TCR) sequencing to evaluate clonal diversity of the isolated 

populations. Additionally, functional assays in the context of CD8+CXCR5+ cells may aid 

in the evaluation of potential phenotypic characteristics such as cytotoxicity, ability to 

provide B cell help, regulatory functions, cytokine secretion, etc.  

In conclusion, we found that all subjects in all three NAb response groups had 

detectable and comparable frequencies of activated SARS-CoV-2-specific CD4+ and 

CD8+ T cells, despite variable NAb responses to mRNA vaccination. We identified 

elevated frequencies of CD4+CD8+, CD8low, and CD8+CXCR5+ T cells in VPR 

individuals, but not VMR or VSR groups.  
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This study has several limitations. First, the small total cohort sample size and 

group size are likely to obfuscate differences that might be seen with a larger cohort. 

However, subjects were selected on the basis of longitudinal neutralizing antibody data 

following 2nd and 3rd COVID-19 mRNA vaccinations, thus, our subject pool was limited 

by the constraints of our experimental design. Another limitation is that only a single 

timepoint was evaluated for purposes of this study, which was collected ≥6 months 

following 3rd vaccine dose for most individuals. Four VPRs, one VMR, and one VSR 

received 4th vaccinations prior to the date of collection, thus another limitation is 

variability in vaccination number at the time of blood donation. Although our AIM assay 

protocols were adapted from several established methods,126,167 the relatively short 

stimulation period (24 hours) might be considered an additional limitation in the 

detection of antigen-specific responses.  

As is applicable in any SARS-CoV-2-related study, the possibility of unknown 

asymptomatic infection, despite failure to detect an anti-nucleocapsid humoral or cellular 

immune response, remains a potential confounding variable. Lastly, as our NAb LFA was 

designed to measure antibodies that neutralize via the receptor binding domain (RBD) of 

spike protein,32 the possibility that subjects may neutralize SARS-CoV-2 via sub-

immunodominant non-RBD neutralizing epitopes is an additional limitation. 

Nevertheless, we identified unique cellular immunity characteristics that further 

distinguish VPR individuals immunologically, indicating that more substantial 

underlying immunologic differences may be related to the altered NAb response seen in 

our previous cohort.166 Finally, this study unequivocally demonstrated detectable SARS-
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CoV-2-specific CD4+ and CD8+ T cell reactivity all mRNA-vaccinated subjects, 

independent of NAb response magnitude.  
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CHAPTER VII 

DISCUSSION 

 

SARS-CoV-2 emerged in December of 2019 and COVID-19 was declared a 

pandemic by March of 2020. Only a year later, in December of 2020, mRNA-1273 

(Moderna) and BNT162b2 (Pfizer) vaccines were issued EUA and distribution began the 

same month.36 During that year, when vaccines had yet to exist, available treatments were 

failing and infection case numbers along with hospitalizations and deaths were climbing, 

we developed a lateral flow assay to quantitatively measure SARS-CoV-2 neutralizing 

antibodies in 10 µL of peripheral blood from a finger-stick or 6 µL of plasma/serum 

(Chapter II).32 We developed this test for the purpose of quantifying SARS-CoV-2 

NAbs within COVID-19 convalescent plasma (CCP), as CCP was one of the few early 

pandemic treatment options. However, as we completed clinical agreement and validation 

studies with our NAb LFA prototype (See Appendix B), the first COVID-19 monoclonal 

(neutralizing) antibody therapy had become available and vaccines were in the early 

phases of distribution, rendering CCP near obsolete.  

We saw a unique opportunity to measure longitudinally COVID-19 mRNA 

vaccine-induced spike glycoprotein receptor binding domain (RBD) NAbs using our 

rapid LFA. For 18 months in over 500 study participants, we measured NAbs in subjects 

at all stages of vaccination at three testing location sites in vaccine recipients ranging 

from 18 to 80 in age. Of all participants enrolled, our study population was composed of 

57% female and 43% male subjects. Throughout the entirety of this study, many 

observations were made in real time (detailed throughout this dissertation), as data were 
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generated and collected relatively rapidly (due to the nature of the assay). One 

observation was the identification of subgroup of mRNA-vaccinated individuals for 

which mean RBD-NAb titers failed to exceed 1:160 after 2nd dose, which we termed 

vaccine poor responders (VPRs). We also observed a small cohort of vaccine recipients 

who neutralized virus at very high titers compared to other participants in the study; 

further, their titers did not wane and remained >1:320 throughout the 18 month study, 

termed vaccine strong responders (VSRs). 

In Chapter III, we demonstrated that VPRs identified after a two-dose vaccine 

regimen could be ‘rescued’ by a 3rd dose of mRNA vaccine, regardless of homologous or 

heterologous vaccination.148 These findings, submitted in December of 2021 to Nature 

Communications Medicine, demonstrated that 25% of an otherwise healthy cohort failed 

to generate high titer RBD-NAbs following the initial two-dose vaccination series 

recommended by regulatory agencies at the time. Importantly, the majority of the VPR 

individuals identified that received a 3rd dose prior to the submission for publication, 

received BNT162b2 (Pfizer) two-dose primary series, while only one individual that 

received the mRNA-1273 primary series was classified as a VPR. At the time, each of the 

two primary series BNT162b2 vaccine doses contained 30 µg of mRNA, while the two 

mRNA-1273 primary vaccine series each contained 100 µg mRNA.199,200 Thus, we likely 

observed a dose-dependent relationship between COVID-19 mRNA vaccination and 

NAb elicitation in our initial cohort following primary series vaccination. The CDC’s 

advisory committee on immunization practices (ACIP) recommended booster (3rd) 

vaccine doses at the end of September, 2021. We continued conducting longitudinal NAb 
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testing for an additional 6-8 months after the majority of our study population had 

received a 3rd vaccine dose and report on this longitudinal study in Chapter IV. 

Chapter IV, entitled, “Longitudinal Comparison of Neutralizing Antibody 

Responses to COVID-19 mRNA Vaccines After 2nd and 3rd Doses” composes the 

culminating data from the 18-month study conducted using our NAb LFA, published in 

Vaccines in September of 2022.166 This study demonstrated that a 3rd dose of mRNA 

vaccine elicits higher and more durable RBD-NAb titers, independent of vaccine 

manufacturer. Further, we compared homologous 3rd vaccination with heterologous 3rd 

vaccination (3 doses of BNT162b2 vs 3 doses of mRNA-1273 vs 2 doses of BNT162b2 + 

1 dose of mRNA-1273) and found that minimal differences in the early months post-3rd 

dose. However, we noted that at 5 months post-3rd dose, individuals that received 

heterologous 3rd vaccines (2 doses of BNT162b2 + 1 dose of mRNA-1273) had 

significantly higher mean percent neutralization when compared to individuals that 

received 3 doses of BNT162b2 vaccine. However, by months 6-8, these differences 

resolved, and all 3rd dose groups had mean percent neutralization ≥ 50%. Notably, when 

evaluating individual NAb responses per timepoint, we observed a more homogenous 

population distribution at post-3rd dose timepoints as compared to post-2nd dose 

timepoints, where a large degree of heterogeneity was observed. We suspect that we were 

among the first to observe a rapid decline in NAb titers within 2-3 months after a second 

mRNA vaccine dose–and that a third vaccine dose rescued both vaccine poor responders 

and vaccine recipients whose titers decreased rapidly after a second vaccine dose.  

Importantly, NAb titers remained elevated (>50% neutralization) in most vaccine 

recipients after a third dose. 



  134 

Additionally, using unsupervised hierarchical clustering and principal component 

analyses (PCA) of unpaired (total n per timepoint) and paired longitudinal NAb data sets, 

we identified three distinct groups of mRNA-vaccination individuals with unique RBD-

NAb responses to vaccination. The first of these three NAb response groups elicited 

higher titer NAbs following 2nd and 3rd vaccine doses and sustained these titers for longer 

than the other two groups, thus, they were termed the vaccine strong responders (VSRs). 

Using the PCA and clustering analyses, we classified 34% of subjects as VSRs after the 

2nd vaccine dose, and classified 79% of subjects that were classified as VSRs following 

3rd dose. Second, the vaccine moderate responders (VMRs), for whom an initial high titer 

NAb response was observed in most. However, rapid NAb waning observed in VMRs 

after both 2nd and 3rd doses largely distinguished the VMR group from the VSR group, 

particularly after 3rd dose. Lastly, a group of individuals for whom all three doses of 

COVID-19 mRNA vaccine failed to elicit high titer NAbs (≥1:160 to 1:320), termed 

vaccine poor responders (VPRs).  

In the final months of our longitudinal study, SARS-CoV-2 BA.1.1.529 

(Omicron) emerged in the US, and we observed an unusual number of breakthrough 

infections in our study population. Several recently (at the time) infected participants had 

received their 3rd doses just a few weeks prior to Omicron exposure and infection, and 

despite high titer (≥1:640) NAbs (measured for some only a week prior), mRNA vaccines 

available at the time failed to protect from symptomatic infection with the Omicron 

variant166. However, mRNA vaccines appeared to prevent severe disease and 

hospitalization in all study participants. Individuals in our cohort of Omicron 

breakthrough infections reported asymptomatic or very mild, to moderately severe 
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symptoms, however, none of these subjects were hospitalized throughout natural 

infection disease course. This large degree of protection is likely attributed to strong 

innate and cellular immune responses, in addition to high titer binding or effector 

antibodies which can facilitate viral clearance via various innate and/or adaptive 

immunologic mechanisms. Further, early Omicron data demonstrated that proximal 

boosting with ancestral-Spike encoding mRNA vaccines provides some degree of 

protection against Omicron infection or severe disease, as boosting promotes affinity 

maturation of binding and neutralizing antibodies elicited by prior immunization.139  In 

contrast, while we did not observe many breakthrough infections throughout Delta and 

prior waves, those that did occur were almost exclusively in individuals for whom NAb 

titers were ≤ 1:80. The difference in breakthrough infections between Delta and Omicron 

is due to the large number of mutations delineating Omicron from prior variants of 

concern (VOC), as BA.1.1.529 (Omicron) spike glycoprotein alone contains ≥ 30 

mutations in the RBD of spike protein.201 Further, vaccines administered at the time, 

BNT162b2 and mRNA-1273, both target ancestral SARS-CoV-2 spike protein. As 

Omicron breakthrough infections became more widespread in January of 2022, many 

studies began reporting similar notions of immune escape.202,203,204 The overarching 

question of “can NAbs serve as a correlate of protection?” was quickly confounded by 

the evolution and emergence of Omicron, and later, Omicron subvariants. Our Omicron 

breakthrough data, although a small sample size, was indicative of the urgent need for 

variant-specific vaccine development, and from our laboratory’s perspective, a 

BA.1.1.529-specific NAb LFA.  
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In January of 2022, we developed a BA.1.1.529 (Omicron, BA.1) specific NAb 

LFA using previously published methods.32 The test itself appeared physically identical 

to the original version, however it contained BA.1.1.529 spike protein rather than 

ancestral SARS-CoV-2 spike protein. In Chapter V, we demonstrate validation of the 

BA.1 NAb LFA using 13 serum samples from individuals with sequencing-confirmed 

BA.1 infections. We determined IC50 values for these samples by FRNT in the BSL-3 

laboratory using SARS-CoV-2 BA.1.1.529 virus, such that LFA density values could be 

correlated with known titers or IC50 values. We observed a significant correlation (r = -

0.91, p < 0.0001) between IC50 and LFA density, suggesting the BA.1-specific test was a 

suitable surrogate for gold-standard neutralization testing. However, as we completed our 

validation and correlation analyses, BA.2 had already surpassed BA.1 as the dominant 

variant in circulation. Like many COVID-19 researchers and vaccine developers around 

the world, we found ourselves caught in a race with which we could not keep up. The 

utility of our BA.1 NAb LFA was consequently, limited. 

Omicron subvariants rapidly cycled through the population in the months that 

followed, and BA.4/5 eventually emerged as the dominant variant in the US in July of 

2022.165 We quickly began modification of the BA.1 NAb LFA to contain BA.5 spike 

protein. Using 10 serum samples isolated from BA.5-infected individuals, we again, 

performed FFA experiments in the BSL-3 laboratory, this time using SARS-CoV-2 BA.5 

virus to determine BA.5-specific NAb titers of the convalescent sera. We observed a 

significant correlation (r = -0.81, p < 0.006) between IC50 and NAb LFA density, and 

used the equation (y = -1.037*X + 24.90) derived from a linear regression analysis to 

predict IC50 values from a given LFA density, and extrapolate NAb titer from predicted 
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IC50 calculations. Similarly to our original NAb LFA, in order to expand the accessibility 

and interpretation metrics, we use these predicted values derived from IC50 and LFA 

density correlation/regression analyses for conversion to more clinically relevant indexes. 

In collaboration with Dr. Vel Murugan’s laboratory at the Biodesign Institute, we 

recently tested 1,060 blinded serum samples on the BA.5 NAb LFA, as part of an 

ongoing sero-surveillance study to evaluate various aspects of COVID-19 humoral 

immunity in a large research university population setting. Preliminarily, 28% of the 

samples tested (n = 293/1060) were classified as < 10% neutralization (<1:80 BA.5 NAb 

titer) as measured by our assay. This collaborative work remains ongoing and is therefore 

otherwise omitted from this dissertation. 

Lastly, in Chapter VI, we present findings from a work entitled, “T Cell and 

Cytokine Profiling of SARS-CoV-2 mRNA Vaccine-Induced Neutralizing Antibody Poor 

Responders.” Here, we investigate SARS-CoV-2 specific CD4+ and CD8+ T cell response 

in VPR, VMR, and VSR mRNA-vaccinated populations. We hypothesized that antigen-

specific CD4+ and CD8+ T cell activation and/or abundance would be either be reflective 

of VPR, VMR, and VSR NAb response magnitudes, or that stronger T cell responses 

were elicited in VPRs than in moderate and strong NAb response groups, to compensate 

for poor NAb titers. However, all three groups had comparable CD4+ and CD8+ T cell 

responses following peptide megapool stimulation in vitro. While analyzing our intended 

populations, we observed increased frequencies of CD4+CD8+ double positive and 

CD8low T cells primarily in VPR individuals. CD4+CD8+ T cells are typically found in the 

thymus, as ‘double positive’ T cells are a normal intermediate stage found in developing 

thymocytes which precede positive and negative selection,193 although they are observed 
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in the periphery at low frequencies (≤ 1-3%).205 Circulating CD4+CD8+ T cells are 

generally regarded as naïve cells that escaped thymocyte development,192 however, 

mature peripheral CD4+CD8+ T cells have been described in various contexts such as 

viral infection, cancer, and autoimmunity.194,206,207 While they remain an understudied, 

functionally diverse, and etiologically unclear cell population, mature CD4+CD8+ T cells 

with memory phenotypes have been reported as highly cytotoxic with anti-viral activity 

that exceeds their ‘single positive’ counterparts.208 CD8low T cell populations have also 

been reported in viral contexts such as Epstein-Barr virus (EBV),209 and were also 

reported as a pathogenic population associated with a progressive form of multiple 

sclerosis.210 Similarly to CD4+CD8+ T cells, CD8low T cells are an understudied cell 

population with diverse, highly context-dependent, functional capabilities. As such, 

further investigation is warranted to determine the functional properties of the CD4+CD8+ 

central memory T cells, and CD8low T cells observed in VPR individuals.  

In addition to CD4+ and CD8+ T cell activation, our study aimed to investigate the 

circulating T follicular helper (cTfh) responses elicited by mRNA vaccines in our VPR, 

VMR, and VSR donor groups. We hypothesized that VPRs could be further defined by a 

discordant cTfh phenotype, characterized by chemokine receptor CCR6 and CXCR3 

expression. We evaluated bulk cTfh (all CXCR5+) and activated cTfh (OX40+CD40L+ 

CXCR5+ cells) in both CD4+ and CD8+ T cell populations. We found that while VPRs 

had increased cTfh17 (CCR6+CXCR3-) bulk CD4+CXCR5+ cells, they had significantly 

increased cTfh1 (CCR6-CXCR3+) activated CD4+CXCR5+ cells. These data support our 

original hypothesis and lend credence to the possibility of an altered mRNA vaccine-

induced immunologic landscape in VPR individuals. In addition to CXCR5 expression on 
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CD4+ cells, we evaluated CD8+ cells for CXCR5 surface expression because CXCR5+ 

CD8+ T cells have recently been implicated in the regulation of humoral responses to 

viral infection and vaccination.189,211 Surprisingly, in VPRs exclusively, we observed a 

significant increase in mean frequency and cell count of CD8+CXCR5+ cells as a 

frequency of CD3+ cells. Although CD8+CXCR5+ cells are somewhat controversial, as 

the functions of Tfh cells are generally exclusively attributed to CD4+ cells, CXCR5 

expression on CD8+ cells has been well documented.191,211 One group recently described a 

phenotypically and transcriptionally distinct CD8+CXCR5+ population in SARS-CoV-2 

naturally infected and vaccinated cohorts,212 however, their cohort was vaccinated with 

CoronaVac (Sinovac), an inactivated whole virus immunization platform; thus, results are 

not comparable.  

Our cumulative cTfh data demonstrated an altered immunologic landscape of 

activated cTfh phenotypes (favoring cTfh1 activation/expansion in VPRs), as well as the 

expansion CD8+CXCR5+ T cell populations in VPRs, compared to VMR and VSR 

groups. Although experiments in the Tfh section of this dissertation are limited to 

identification and phenotypic characterization of follicular helper cell responses across 

NAb response groups, several downstream studies may be applicable. As CD8+CXCR5+ 

T cells are functionally diverse and have been implicated as cytotoxic, regulatory, and as 

potent B cell helpers in GC reactions, we suspect that the expansion of CD8+CXCR5+ 

cells may be responsible for the altered CD4+ Tfh phenotype activation seen in VPRs. 

However, to address this question experimentally would likely require an adoptive 

transfer humanized animal model, in which isolated CD8+CXCR5+ cells are transferred 

to the animal prior to SARS-CoV-2 mRNA immunization, and peripheral and lymph 
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node Tfh cells are evaluated over time. To evaluate function of CD8+CXCR5+ T cells in 

the context of B cell regulation, in vitro co-cultures of isolated CD8+CXCR5+ T cells and 

B cells from selected VPR, VMR, and VSR individuals could be used to assess antibody 

isotype, neutralization capacity, and cytokine secretion induced by experimental 

microenvironments over time. Further, quantitative transcriptomic evaluation of 

expanded populations may elucidate functional properties of CD8+CXCR5+ cells, such as 

the level of Bcl6 expression in a classical Tfh context, or forkhead box P3 (FOXP3) in a 

regulatory T cell context. To evaluate a potential cytotoxic role for these cell populations, 

one can perform in vitro cytotoxicity assays in addition to flow cytometric assessment of 

granzyme and perforin expression, or quantification of apoptotic cells via Annexin V 

staining assays. These suggested experiments are by no means limited, and simply aim to 

provide an example of the ample downstream investigation potential for further 

characterization of unique cell populations identified in individuals with impaired 

neutralizing antibody responses to COVID-19 mRNA vaccination.  

Finally, we evaluated 25 different cytokines in the supernatant of spike-peptide 

megapool stimulated PBMCs from all donors using a flow cytometric bead-based 

multiplex assay. Several cytokines in our panel were below the limit of detection, 

however, those of interest included tumor necrosis factor alpha (TNFa), interleukin-2 

(IL-2), interleukin-27 (IL-27), and interferon gamma (IFNg). No differences were 

observed between vaccinated groups, although significantly increased IFNg 

concentrations were observed in VPRs and VSRs, relative to naturally infected 

individuals.  
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The results of this research provide novel insight into the vast heterogeneity of 

human immunologic responses to COVID-19 mRNA vaccination. The foremost intention 

at the beginning of this project was to increase the accessibility of SARS-CoV-2 NAb 

quantitation via development of a surrogate assay to the laborious, expensive, and time-

consuming gold-standard live virus neutralization assay. This work cumulatively 

highlights the critical need for COVID-19 NAb testing accessibility to all individuals, 

such that VPRs can be identified (voluntarily) following standard vaccination protocol 

and make personal protective decisions accordingly, under the guidance and supervision 

of their healthcare provider. Moreover, we highlight the differences in underlying 

immunologic response to mRNA vaccination in VPR individuals, likely reflective of 

population-level heterogeneity.  
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Figure 1. SARS-CoV-2 NAb LFA validation data set.   
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Table 1. NAb LFA Test Line Densities (TLD) for validation data set.  
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Figure 2. SARS-CoV-2 NAb LFA clinical agreement data set.  
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APPENDIX C 

PROTOCOL FOR VALIDATION OF FOCUS REDUCTION NEUTRALIZATION 

TEST (FRNT) AT ARIZONA STATE UNIVERSITY 
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Protocol for Validation of Focus Reduction Neutralization Test (FRNT) at 

Arizona State University 
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1. STUDY 
Plaque assays are a classic methodology for detecting infectious viruses, 
including Beta coronaviruses like SARS-CoV-2. However, this method is labor-
intensive, costly, low throughput, and is not efficient for performing large-scale 
neutralization assays on patient specimens or monoclonal antibodies. 
Neutralization tests that can be performed in 96-well microtiter plates are higher 
throughput, conserve reagents, and are more accurate than traditional plaque 
assays in 6-well or 24-well plates. We adapted a microneutralization focus 
reduction neutralization test (FRNT) that measures the ability of serum samples to 
prevent SARS-CoV-2 from infecting permissive Vero E6 cells (Vanderheiden et 
al., 2020) as measured by detecting SARS-CoV-2 spike protein infected cell foci 
using anti-spike monoclonal antibody CR3022 (Suthar et al 2020). The data 
reported from this microneutralization test are in IC50 format, which indicates the 
dilution of serum that inhibits 50% of the virus from infecting Vero E6 cells. This 
Protocol provides step-by-step instructions for performing microneutralization 
assay and applies to performing a SARS-CoV-2 neutralization assay on human 
plasma or serum samples. 
 
The following analytical performance characteristics or validation tests will be 
determined during this validation: 
 
  

2. MATERIALS AND METHODS 
 
• Vero C1008 cells (clone E6), (ATCC, cat. no. CRL-1586) 
• Dulbecco's Modified Eagle Medium, DMEM (VWR, cat. no. 45000-304) 
• Minimal Essential Medium, MEM (Sigma, cat. no. M0275) 
• Fetal Bovine Serum, FBS, heat inactivated (Sigma cat. no. F4135) 
• Complete DMEM (see recipe in Appendix) 
• Complete DMEM containing 2% FBS, 10mM HEPES, 100U/mL 
penicillin/100U/mL streptomycin, store sterile filtered at 4°C. 
• Dulbecco's phosphate-buffered saline, DPBS (VWR, cat. no. 45000-436) 
• 0.25% trypsin-EDTA (Corning, cat. no. 25-053-CI) 
• Trypan blue (Beta South Technologies, cat. no. T8154) 
• Human serum/plasma samples 

1. The serum samples used in this validation study were collected at Mayo 
Clinic Arizona as leftover samples from the clinical laboratory with waived 
consent.  Collection of the samples was approved by Mayo Clinic IRB# 20-
004544. 

2.  Post collection, serum was stored at −80°C and not freeze-thawed more 
than twice.  Twenty µL of serum is needed to run one assay in duplicates.  

• SARS-CoV-2 isolate USA-WA/012020 (BEI, cat. no. NR-52281) 
• 2.0% methylcellulose (see recipe in Appendix)  
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• 2X MEM prepared at twice the normal concentration containing 4% FBS, 20 
mM HEPES, 0.42% (w/v) sodium bicarbonate, 200 IU penicillin G/mL, 100 µg 
streptomycin/mL. 
• Fixation buffer: 4% (v/v) paraformaldehyde (PFA) in 1x PBS (see recipe in 
Appendix) 
• Permeabilization buffer (see recipe in Appendix) 
• KPL TrueBlue Peroxidase Substrate (VWR, cat. no. 95059-168) 
• Recombinant anti-SARS-CoV-2 Spike Glycoprotein S1 antibody (CR3022, 
Abcam, cat. no. ab273073) 
• Goat Anti-Human IgG (Fc specific)-horseradish peroxidase antibody (Sigma-
Aldrich, cat. no. A0170) 
• Laminar flow hood (Labconco Purifier BSC Class II, or equivalent) 
• Tissue culture microscope (Nikon or equivalent) 
• 175-cm2 (T-175) cell culture flasks (ThermoFisher, Cat. no. 159910) 
• 96-well flat bottom cell culture−treated microplate (Corning, cat. no. 3599) 
• 96-well V-bottom cell culture-treated microplate (Grenier Bio-One cat. no. 
651180) 
• Multichannel pipettes (200 and 20 µL) 
• Tips for micropipettes, sterile (Rainin LTS or equivalent) and wide-mouth 
pipette tips 
• 1.5-ml RNase/DNase free tubes (VWR, cat. no. 10160-142, or equivalent) 
• Heat block or water bath (set to 56°C) 
• Benchtop microcentrifuge, refrigerated 
• Falcon 96-well U-bottom plate (Corning, cat. no. 353077) 
• Tissue culture incubator (set to 37°C with 5% CO2) 
• Serological pipettes, sterile (VWR or equivalent) 
• Labnet Rocker 25 (Model S2025-XLD-B) 
• Benchmark Scientific Everlast Rocker 247 
• ELISPOT reader (CTL ImmunoSpot S6 Universal Analyzer) 
• Additional reagents and equipment for cell culture including trypsinization and 
counting viable cells by trypan blue exclusion (see Current Protocols article: 
Phelan & May, 2015) 
 
 

3. SAFETY PRECAUTIONS 
1.  SARS-CoV-2 is a Biosafety Level 3 (BSL-3) pathogen. Investigators should 

seek guidance from their local institutional environmental health and safety 
office to determine the appropriate protocols for working in BSL-3 and 
removal of samples from BSL-3. 

2. All personnel performing this work should have read the protocol and 
received appropriate training and certification for work in a BSL3 
environment. Appropriate BSL3 safety operating procedures should be used 
at all times and all methods should be performed in appropriate BSL3 
certified labs. 
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3. All blood samples should be handled and processed according to Institutional 
Biosafety Guidelines. This procedure should be performed in accordance 
with all applicable safety procedures. 

 
 

4. METHODS AND PERFORMANCE CHARACTERISTICS EVALUATED 
 
4.1 Preparation 
 
• Cells: Prepare four 96-well flat-bottom plates of Vero E6 cells for subsequent 

inoculation with SARS-CoV-2. Plates should be seeded with 2.5 x 10^5 
cells/mL in 100 µL complete DMEM, 12-18 hours prior to inoculation. Cells 
should be just recently confluent at the time of inoculation.  

• Serum samples: 20 µL aliquots of sera should be prepared just before 
inoculation.  Note:  In preliminary experiments we heat-inactivated serum, but 
the serum formed a gel upon 56°C heat-inactivation.  We presume this is due 
to serum separator tubes that Mayo Clinic employs for peripheral blood 
collection.  Therefore, we did not heat-inactivate any serum used in the 
validation or clinical agreement studies.  An hour prior to inoculation, serum 
samples should be diluted 10-fold using 180 µL infection medium (see recipe 
in Appendix). Prior to dilution, serum aliquots should be stored on ice or at 
4°C. 
 

4.2 FRNT50 Assay 
Serum and virus dilutions  
• Prepare four 96-well V-bottom dilution plates by adding 60 µL infection 

medium to all wells.  
• Vortex or vigorously pipette 10-fold diluted serum and add 60 µL to wells 

A1-A2 for duplicate replicates. Repeat with four additional serum samples in 
wells A3-A4, A5-A6, A7-A8, and A9-A10. Negative and positive SARS-
CoV-2 neutralizing antibody controls should be run in lane 11 and 12, 
respectively, for every plate. Transfer 60 µL of pooled normal human serum 
to well A11 and 60 µL neutralizing antibody control.  CV009 was used as a 
control serum for all of the experiments in the validation study.   

• Prepare serial two-fold dilutions of sera in the 96-well V-bottom plate using a 
multichannel pipettor, from the initial dilution (1:20).  After virus is added, 
the final dilution of the starting concentration of sera is 1:40.   

• Perform two-fold serial dilutions by transferring 60 µL from row A through 
row G in the plate such that row G contains a final dilution of 1:2560, 
discarding the final 60 µL. Row H should contain infection medium without 
antibody to serve as a virus only control except for wells H10, H11 and H12 
which contain cells alone without virus. 

• Prepare the SARS-CoV-2 (WA01/2020 isolate) virus dilution as shown 
below, mix and transfer to multichannel pipette reservoir. Prepare 60 µL virus 
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per well for 120 wells (to allow extra for pipetting). Total volume per plate 
should be 7.2 mL. 

60 uL/well x 120 wells = 2.88x105 pfu in 7.2 mL 
Stock virus = 2x104 pfu/μL 
2.88x105 pfu/2x104 pfu/μL = 14.4 μL virus added to 7.186 mL 

diluent (infection medium). 
• Using the multichannel pipettor, inoculate 60 µL of virus into each of the 

wells containing serum dilutions. Take care not to immerse the pipet tips into 
the sample. Start at the last (row H, no Ab) row and only add virus to wells 
H1-H9. Inoculate 60 µL of virus into every well of the remaining rows, 
working bottom to top. Add 60 µL media without virus to the last three wells 
(H10-H12). These wells will contain cells only. Incubate the samples at 37°C 
for 60 minutes in a 5% CO2 incubator. 

• Remove assay plates containing Vero E6 cells from incubator and aspirate 
medium from each well. Remove dilution plates containing antibody and virus 
after 60 minutes incubation. Starting from the bottom row (most dilute), 
transfer 100 µL of antibody + virus from dilution plate to assay plate. Incubate 
assay plates at 37°C for 60 minutes in a 5% CO2 incubator. 
 

4.3 Methylcellulose Overlay 
• Prepare 40 mL of overlay medium by mixing 20 mL of 2X MEM with 20 mL 

of 2% Methylcellulose in 1:1 (v/v) ratio. Ensure equal volumes of 
methylcellulose and MEM is mixed evenly by vigorous serological pipetting. 
If prepared beforehand and stored at 4°C, allow overlay to heat in a 37°C 
water bath during the previous incubation.  

• Pipette 100 µL of methylcellulose overlay per well: dispense the overlay onto 
the side of the well to avoid damaging the monolayer. 

• Incubate the plates 24 hours at 37°C in a 5% CO2 incubator.  
 

4. 4 Immunostaining Virally Infected Foci 
• Remove methylcellulose overlay by carefully aspirating remaining media, 

taking care not to disturb infected monolayers.  
• Transfer 300 µL 4% paraformaldehyde in 1X PBS to each well. Incubate at 

room temperature for 20 minutes. Remove paraformaldehyde into appropriate 
waste container.  

• Wash cells with 200 µL permeabilization buffer six times to remove any 
overlay and formaldehyde. Replace last wash with DPBS. Plates can be stored 
at 4°C in 200 µL DPBS and removed from BSL3 for staining at this point. 

• Remove DPBS and add 50 µL/well primary antibody (CR3022, Abcam, 
ab273073) at 1µg/mL (1:1000 stock) diluted in permeabilization buffer. 
Incubate plates overnight at 4°C without rocking. 

• Wash three times with 200 µL/well of PBS + 0.01% Tween 20.  
• Add 50 µL/well secondary antibody (goat anti-human IgG(Fc)-HRP, Sigma-

Aldrich, A0170) diluted 1:2000 in permeabilization buffer. Incubate for 2 
hours at room temperature, gently rocking. 
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• Wash three times with 200 µL/well of PBS + 0.01% Tween 20.  
• Add 50 µL/well KPL TrueBlue Substrate (VWR, cat. no. 95059-168). 

Incubate for 15 minutes at room temperature, gently rocking. 
• Wash three times with 200 µL/well of ddH2O. Tap plates dry on a paper 

towel and image on AID ELISPOT reader.  
 

 
4.5 Data 
• Export data from AID ELISPOT reader in Microsoft Excel and PowerPoint 

formats.  
• Data are formatted in excel to display the average of duplicate wells at each 

dilution, for a given serum sample. The average of nine virus only (no 
antibody) wells and three cell only (no virus or antibody) wells are calculated 
for data normalization using GraphPad Prism 9.0 (GraphPad Software Inc.).  

• Data are transformed to percentage neutralization by normalization using the 
average number of viral foci in virus only wells (maximum infection/least 
neutralization) and cells only wells (minimum infection/greatest 
neutralization).  

• Normalized data are then curve fit using a non-linear regression and analyzed 
for IC50 in GraphPad Prism 9.0 using parameters and constraints described by 
Ferrara and Temperton, 2018. 

 
4.6. Interpretation and Determination of Titer 
• The principle is to determine the highest dilution of serum that inhibits 

(reduces) plaque formation by a given amount. The given amount varies by 
investigators and virus, but most of the time 50% reduction is appropriate. In 
that case, the neutralizing titer of the sample would be the reciprocal of the 
highest dilution of serum that inhibits >50% of the plaques relative to no 
serum or non-immune serum controls. 

 
Example: 
• The no serum control wells contain 100 plaques, such that 50% reduction is 

defined as a well having 50 or fewer plaques. Assume that the plaque 
counts for serum dilutions of 1:40, 80, 160, 320, 640, 1280 and 2560 were 
0, 2, 13, 31, >50, >50. 

• In the above example, the 50% neutralizing titer would be 1:320. 
 

 

5. REAGENTS & RECIPES 

 
Complete DMEM for Vero cell culture. 
*For 1 L: 
Dulbecco's Modified Eagle Medium (high glucose) supplemented to contain: 
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10% heat-inactivated fetal bovine serum 
1% Glutamax 
10 mM HEPES 
100 U/mL penicillin/100 U/mL streptomycin 
Sterile filter and store at 4°C. 
*Vero-furin media is as stated above with the addition of 5 μg/m blasticidin. 
 
 
Infection medium 
*For 1 L: 
Dulbecco's Modified Eagle Medium (high glucose) supplemented to contain: 
2% heat-inactivated fetal bovine serum 
10 mM HEPES 
100U/mL penicillin/100U/mL streptomycin 
 
2X minimal essential medium + 4% FBS 
*For 1 L: 
200 mL 10X MEM (Sigma #M0275) 
20 mL of 1 M L-glutamine 
20 mL 1 M HEPES 
40 mL heat-inactivated fetal bovine serum 
4.2 g sodium bicarbonate 
20 mL of 10,000 IU/ml penicillin +10,000 μg/ml streptomycin 
Deionized distilled (Milli-Q) water to 1 L 
Sterile filter and store at 4°C. 
 
2% methylcellulose 
Autoclave a 250 mL glass bottle containing 2 g carboxymethylcellulose powder 
(Sigma #M0512) and a stir bar. 
Autoclave 100 mL deionized distilled (Milli-Q) water. When water is cool enough 
to handle, add to methylcellulose containing bottle. Stir mixture overnight at 4°C 
and then store at 4°C until ready for use. 
 
4% Parformaldehyde in 1X PBS 
*For 1L: 
Dissolve 40g paraformaldehyde powder (Sigma, Cat. No. 158127) into 800 mL 
60°C 1X PBS 
pH with 1N NaOH until solution clears 
Add 1X PBS to 1L, allow to cool to room temperature 
Adjust pH to 6.9 with 10M HCl 

 
Permeabilization buffer  
*For 1L: 
1 g of saponin (Sigma, Cat. No: S7900) 
1 g of bovine serum albumin (Fraction V) 
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To volume with 1 L phosphate buffered saline (without Ca or Mg) 
Filter sterilize and store at 4°C until ready for use. 

 
PBS + Tween wash 
1 L 10X PBS 
9 L ddH2O 
50 mL 10% Tween-20 
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APPENDIX D 

FLOW CYTOMETRIC T CELL ASSAY GATING WORKFLOWS 
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Figure 1. Gating workflow for identification of bulk and activated T follicular 
helper cells.  
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APPENDIX E 

FLOW CYTOMETRIC T CELL ASSAY MULTICOLOR ANTIBODY PANELS  
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Activation Induced Marked (AIM) assays: 

Antibody Dilution Reference 
α-hu-CD3-AF700 1:25 56-0038-82 (eBiosciences) 
α-hu-CD4-BV605 1:25 BDB562658 (BD) 
α-hu-CD8-EF450 1:50 48-0088-42 (Invitrogen) 
α-hu-OX40-PECy7 1:50 350012 (Biolegend) 
α-hu-CD137-APC 1:25 309810 (Biolegend) 
α-hu-CD69-PE 1:10 BDB555531 (BD) 

 
 
 
 
 
 
T follicular helper cell assays: 

Antibody Dilution Reference 
α-hu-CD3-AF700 1:25 56-0038-82 (eBiosciences) 
α-hu-CD4-BV605 1:25 BDB562658 (BD) 
α-hu-CD8-EF450 1:50 48-0088-42 (Invitrogen) 
α-hu-OX40-PECy7 1:50 350012 (Biolegend) 
α-hu-CXCR5-BV510 1:50 BDB563105 (BD) 
α-hu-CXCR3-APR 1:25 353708 (Biolegend) 
α-hu-CCR6-PE 1:25 353410 (Biolegend) 
α-hu-PD-1-PerCPCy5.5 1:25 367410 (Biolegend) 
α-hu-CD40L-FITC 1:50 310804 (Biolegend) 
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APPENDIX F 

CD8HI VS CD8LOW ACTIVATION INDUCED MARKER EXPRESSION 
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Figure 1. Differential surface expression of OX40 on CD8hi and CD8low T cell 
populations. This figure shows a representative VPR with expanded CD8low T cells 
under spike-peptide stimulated conditions. Flow cytometric pseudo-color dot plots show 
enumeration of CD8hi, CD8low, and CD4+CD8+ T cells within the CD3+ lymphocyte 
parent population. Red arrows show that CD8hi and CD8low populations were 
independently assessed for OX40 expression. 
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