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ABSTRACT 

MAPPING VIRUS-ASSOCIATED HEALTH DISPARITIES UTILIZING HIGHLY-

MULTIPLEXED SEROLOGY 

ALEJANDRA PIÑA 

 

Despite advancements in medical interventions, disease burdens caused by viral pathogens 

remain large and highly diverse. This burden includes the wide range of signs and symptoms 

associated with active viral replication as well as a wide range of clinical sequelae of 

infection. Viral infections have even been linked to the onset of a number of non-communicable 

diseases such as diabetes, celiac disease, and Alzheimer's disease. Although these diseases are of 

a global burden, currently documented national trends highlight several gender and ethnicity-

based health disparities associated with viral infections and thus, viral-associated disease. 

Despite these well documented disparities in viral infection rates, our understanding of virus-

associated health disparities remains incomplete. In part, this is because the most commonly used 

viral detection methodologies lack the sensitivity and specificity for broad characterization of 

viral exposures. Here we utilize PepSeq technology to develop a sensitive, high-throughput assay 

for characterizing an individual’s nearly complete history of viral exposures within a single 

reaction. Here, we demonstrate the effectiveness of this approach for broadly detecting virus-

associated health disparities through a pilot study in Phoenix, AZ. Using PepSeq, we 

recapitulated known seroprevalence rates for many common viruses and identified both expected 

and unexpected infection rate disparities between a Hispanic white (HW) and non-Hispanic 

white (NHW) populations.  
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Introduction 

 

Despite advancements in the development of medical countermeasures, the global burden 

of disease caused by viral pathogens remains large and also highly diverse. This burden includes 

the signs and symptoms associated with active viral replication, which range widely in severity 

(e.g., fever, muscle aches, rash, encephalitis, immunosuppression, congenital birth defects). 

However, it also includes a wide range of clinical sequelae of infection (e.g., Guillain-Barre 

syndrome, Multisystem inflammatory syndrome, Long COVID), many of which are poorly 

understood. Viral infections have even been linked to the onset of a number of non-

communicable diseases. For example, viral triggers have been linked to myocarditis (Tobin et 

al., 2011), diabetes (Filippi and von Herrath, 2008), celiac disease (Brown et al., 2018), obesity 

(Mitra and Clarke, 2010), multiple sclerosis (Bar-Or et al., 2020)(Sarid and Gao, 2011) and even 

the onset of Alzheimer's disease (Devanand, 2018). 

Although the health effects caused by viral infections are pertinent to the general 

population, currently documented national trends highlight several gender and ethnicity-based 

health disparities associated with viral infections and thus, viral-associated disease. For example, 

in a serological survey study by Liu et. al, seroprevalence of human papilloma virus (HPV) is 

21% higher amongst women than men in the United States (US) (Gravitt, 2016). Additionally, in 

a National Health and Nutrition Examination Survey (NHANES) from 2007-2010, 

seroprevalence of herpes simplex virus 2 (HSV2) was almost 2-fold higher amongst women 

(20.3%) than men (10.6%) (Gravitt, 2016). A viral infection that disproportionately affects men 

is human immunodeficiency virus (HIV); specifically, men who have sex with men. Of the 

37,968 reported new HIV diagnoses in the US, 69% were men who have sex with men (CDC, 

2020). Hispanics make up the largest minority group in the United States, comprising 18% of the 

https://paperpile.com/c/YOpgfT/jAgl
https://paperpile.com/c/YOpgfT/jAgl
https://paperpile.com/c/YOpgfT/JV6n
https://paperpile.com/c/YOpgfT/XECT
https://paperpile.com/c/YOpgfT/9ZwK
https://paperpile.com/c/YOpgfT/xPUT
https://paperpile.com/c/YOpgfT/5aX9
https://paperpile.com/c/YOpgfT/BsSA
https://paperpile.com/c/YOpgfT/9lTlv
https://paperpile.com/c/YOpgfT/9lTlv
https://paperpile.com/c/YOpgfT/uPSB8
https://paperpile.com/c/YOpgfT/uPSB8
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population, and the incidence of HIV infection among Hispanics is 4 times that of non-hispanic 

whites. Moreover, the rate of HIV infections is 8 times higher for hispanic males than hispanic 

females, according to a 2015-2019 CDC surveillance report of HIV in the US (HIV,2021). 

According to a 2019 surveillance report of viral hepatitis in the US Seroprevalence for Hepatitis 

A, B and C has also been shown to be higher among men (CDC, 2021a).   

Despite these well documented disparities in viral infection rates, our understanding of 

virus-associated health disparities remains incomplete. In part, this is because the most 

commonly used viral detection methodologies lack the sensitivity and specificity for broad 

characterization of viral exposures. Both nucleic acid and serological based approaches are used 

to detect viral infections. Nucleic acid tests are typically used to detect active infections but will 

fail if the infection has already been cleared or if the sampled fluid does not contain virus (Hans 

and Marwaha, 2014). Alternatively, serological tests detect antiviral antibodies that persist for 

years past exposure due to the body’s memory humoral response. However, the most commonly 

used serological methods only test for one virus at a time, often requiring a specific clinical 

diagnosis prior to implementing these strategies, and although this is an effective approach it is 

not efficient as it would be expensive and time consuming if trying to sample a large population 

(Xu et al., 2015). Additionally, disparities can vary in space in time and can be pathogen-specific 

(Zhang et al., 2017). For example, in a study characterizing seroprevalence of Hepatitis A (HAV) 

in Arizona, incidence of HAV changed over time with the interference of vaccination efforts. 

Incidence of HAV in the Native American population surveyed, prior to vaccination efforts 

between the years 1994-1995, was highest amongst their sample population at 40% 

seroprevalence for HAV. In 2006-2007, incidence of HAV in the same population dropped to a 

mere 2% (Erhart and Ernst, 2012). Although local surveys provide information on the regionality 

https://paperpile.com/c/YOpgfT/ZDgF
https://paperpile.com/c/YOpgfT/S5sE
https://paperpile.com/c/YOpgfT/n2T3P
https://paperpile.com/c/YOpgfT/n2T3P
https://paperpile.com/c/YOpgfT/fYQW
https://paperpile.com/c/YOpgfT/4cgqL
https://paperpile.com/c/YOpgfT/EGG2
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of viral infections, they cannot generalize global trends and often fail to extrapolate national 

trends as well. 

Here we utilize PepSeq technology to develop a sensitive, high-throughput assay for 

characterizing an individual’s nearly complete history of viral exposures within a single reaction. 

The PepSeq platform utilizes libraries of peptides to be generated and assayed in multiplex 

against immunological targets (Ladner et al., 2021). Our library (HV) was designed from all 

viruses known to infect humans allowing us to be able to adapt a novel method of broad 

characterization. We will demonstrate the effectiveness of this approach for detecting health 

disparities through a pilot study in Phoenix, AZ where we recapitulate known health disparities 

between a Hispanic white (HW) and non-Hispanic white (NHW) sample population.    

 

Methods 

 

Study population and sample collection  

In total, 400 serum samples were obtained from Valleywise Health Medical Center in 

Phoenix, AZ. These samples were collected in late May and early June 2020. They represent 

remnants of samples initially collected as a part of the patients’ typical care, and researchers at 

Northern Arizona University (NAU) did not have access to any identifiable information. The use 

of these samples in this study was reviewed and approved by the NAU institutional review 

board.  

In order to maximize statistical power to detect differences in seroprevalence, our cohort 

for this study was equally divided among 4 sub-populations: Hispanic white males (n=100), 

Hispanic white females (n=100), non-Hispanic white males (n=100) and non-Hispanic white 

females (n=100). Given that viral exposures are expected to increase with age and to minimize 

the effect of age in detecting seroprevalence, samples were only collected from individuals 

https://paperpile.com/c/YOpgfT/zIML


 
 
4 

within an age range of 30-60 years old. Self-reported ethnicity, gender and age were the only 

characteristics considered for inclusion in this study. However, because Valleywise Health is a 

safety net hospital, we do not expect our study population to represent a random sampling of the 

population of Phoenix. Rather, it is likely to include a higher proportion of individuals with low 

income from under-served populations.  

In total, 83% of the population served by Valleywise Health consists of racial and ethnic 

minorities, and at the Valleywise Health ambulatory clinics, 57% of patients served are Hispanic. 

The majority of families served by Valleywise Health are at or below 150% of the Federal 

Poverty Level, and nearly 60% of Valleywise Health patients are enrolled in a government health 

insurance program for low-income people or have insufficient private insurance or no insurance.  

For each patient, we also obtained payor source, as this can serve as a useful, though 

incomplete, indicator of socio-economic status. As the exact payor source is highly variable 

among individuals, we reduced the complexity of this categorical variable by assigning every 

individual to one of six general categories: 1) “Commercial”, which included all commercial 

health plans; 2) “Medicaid”, which included both Arizona Health Care Cost Containment plans 

and out-of-state Medicaid; 3) “Medicare”; 4) “Dual-SNP”, which included any dual special 

needs plans for individuals who qualify for both Medicaid and Medicare; 5) “Self Pay”, for 

individuals without insurance and 6) “Other”, which served as a final catch-all category that 

included funding through charitable organizations like the Ryan White HIV/AIDS Program and 

other government plans such as Tricare. 
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PepSeq Library Design and Assay  

In order to broadly assess antiviral antibody reactivity, we utilized the PepSeq platform to 

perform highly multiplexed peptide-based serology (Ladner et al., 2021). Specifically, we used 

the human virome (HV) library described in (Ladner et al., 2021). In brief, the HV library 

consists of 244,000 unique DNA-peptide conjugates (PepSeq probes). The peptide portion of 

each molecule is 30 amino acids long and the peptides were designed to broadly cover potential 

linear epitopes present in the proteins of viruses known to infect humans. Library pools of these 

PepSeq probes are created through a series of bulk, in vitro enzymatic reactions (Ladner et al., 

2021).  

Each assay was conducted as described in (Ladner et al., 2021). Broadly, the PepSeq 

platform involves the incubation of serum/plasma with a diverse pool of PepSeq probes. 

Immunoglobulin G is then precipitated using magnetic protein G beads, non-binding PepSeq 

probes are washed away, and the relative abundance of each PepSeq probe is quantified using 

PCR and high-throughput sequencing of the DNA portion of the molecules. Specifically, 5uL of 

a 1:10 dilution of serum in Superblock T20 (Thermo) was added to 0.1pmol of the PepSeq 

library for a total volume of 10uL and was incubated at 20°C overnight. The binding reaction 

was incubated with pre-washed protein G-coated beads (Thermo) for 15 minutes, after which the 

beads were hand washed 11 times with 1x PBST. After the final wash, beads were resuspended 

in 30uL of water and heated to 95°C for 5 minutes to elute the bound product. Elutions were 

amplified and indexed using barcoded DNA oligos (Table S3). Following PCR, a standard bead 

cleanup was performed, and products were individually quantified (Quant-It), pooled, re-

quantified (KAPA) and sequenced on a NextSeq instrument (Illumina). For this study, each 

sample was assayed in duplicate and ≥1 negative control assay (run only with buffer) was 

included on each 96-well plate. Potential batch effects were controlled through equal 

https://paperpile.com/c/YOpgfT/zIML
https://paperpile.com/c/YOpgfT/zIML
https://paperpile.com/c/YOpgfT/zIML
https://paperpile.com/c/YOpgfT/zIML
https://paperpile.com/c/YOpgfT/zIML
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representation of each of our four focal subpopulations on each plate, as well as through the 

inclusion of negative controls from all plates in the generation of the peptide bins. 

 

PepSeq Analysis  

We used PepSIRF v1.3.5 (Fink et al., 2020) to analyze the high-throughput sequencing 

data. Demultiplexing and assignment of reads to peptides was done using the demux module of 

PepSIRF allowing up to 1 mismatch within each of the index sequences (12 and 8 nt, 

respectively) and up to 3 mismatches with the expected DNA tag (90 nt). Z scores were 

calculated using the zscore module of PepSIRF, which implements a method adapted from (Mina 

et al., 2019). This process involved the generation of peptide bins, each of which contained ≥300 

peptides with similar starting abundances in our PepSeq assay. Starting abundance for each 

peptide was estimated using buffer only controls. In total, 12 independent buffer-only controls 

from 7 different assay plates were used to generate the bins for this study. The raw read counts 

from each of these controls were first normalized to reads per million (RPM) using the column 

sum normalization method in the norm module of PepSIRF. This served to normalize for 

differences in total sequencing depth between samples. Bins were then generated using the bin 

PepSIRF module. Each Z score was calculated using peptides contained within the same bin and 

corresponds to the number of standard deviations away from the mean, with the mean and 

standard deviation using the 95% highest density interval in order to exclude any enriched 

peptides. Prior to Z score calculation, RPM counts for each peptide were further normalized by 

subtracting the average RPM count observed within our buffer-only controls. This second 

normalization was used to control for any differences in initial relative abundance among 

peptides contained within the same bin.  

https://paperpile.com/c/YOpgfT/rm06
https://paperpile.com/c/YOpgfT/0rlSu
https://paperpile.com/c/YOpgfT/0rlSu
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The p_enrich module of PepSIRF was used to determine which peptides had been 

enriched through our assay (i.e., were bound by serum IgG isotype antibodies). This module 

identifies peptides that meet or exceed minimum Z score thresholds, in both replicates for each 

sample. Z score thresholds were selected to minimize the number of false positive calls of 

peptide enrichment (determined through the analysis of negative controls that were not 

considered in the formation of bins), and multiple Z score thresholds were examined in order to 

determine the sensitivity of our results to changes in this value.  

Finally, the lists of enriched peptides were converted into lists of putative species-level 

seropositivities using the deconv module of PepSIRF. The goal of this module is to predict the 

minimum list of viruses to which an individual has likely been exposed, while considering 

shared sequence diversity among different viruses. To accomplish this, the link module was first 

used to generate a linkage map that relates individual peptides to viral species. A link between a 

peptide and virus indicates that enrichment of the peptide could be explained by exposure to the 

linked virus species. Multiple target sequences for each viral species were used for the HV 

library design. In order for a peptide to be linked to a species, it must share at least one 7mer 

with at least one of these target protein sequences. Each linkage is scored based on the number of 

shared 7mers, with 1 point assigned for each shared 7mer. Because each peptide is only 30 

amino acids long, the maximum score a peptide can receive is 24. The score assigned to each 

peptide:species pair is indicative of the similarity between the peptide and target proteins from 

that species. A higher score results in a higher probability that an enriched peptide will be 

assigned to the species for which it shares greater similarity. Because of shared sequence 

diversity, a single peptide can be linked to multiple species, not just the species from which the 
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peptide was designed from. However, each peptide will ultimately be assigned to just a single 

species by the deconv module (see below).  

The HV PepSeq library includes peptides derived from 390 viruses, but many of these 

viruses have only very rarely been associated with human infections (e.g., foot and mouth 

disease virus, Simian foamy virus) and/or are occur in distant and spatially restricted parts of the 

world (e.g., Ebola virus, Crimean-Congo hemorrhagic fever virus), and therefore it is very 

unlikely that our focal population would have been exposed to these viruses. To determine 

whether the inclusion of these viruses was impacting the results of our analysis, we generated 

two distinct linkage maps. The first (“Full”, Table S2) included all 390 viruses included as 

targets in the HV library design (Ladner et al., 2021), while the second only included 93 virus 

species (“Focal93”, Table S2), excluding any viruses to which exposure within the study 

population was deemed to be extremely unlikely. In addition to the exclusion of particular virus 

species, several NCBI taxonomic IDs were condensed for the Focal93 linkage map.  

The deconv module of PepSIRF was then used with each of these linkage maps to 

identify the most parsimonious set of viruses that can explain each set of enriched peptides. The 

results, therefore, can be interpreted as potential seropositivities for each sample. The deconv 

module accomplishes this through an iterative process. In each round, virus-specific scores are 

generated by summing the virus-level scores from each enriched peptide, and the virus with the 

highest score is selected for inclusion in the output. Once a species has been selected, peptides 

that shared ≥1 7mer with that species will be removed and will no longer be considered for the 

remaining rounds. By doing so, we are able to account for many potentially cross reactive 

peptides; however, this cannot perfectly account for cross-reactivity because a peptide can be 

cross-reactive even if species do not share a full 7mer. This process ensures that we are making 

https://paperpile.com/c/YOpgfT/zIML
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conservative estimates of seropositivity. We utilized a set of parameters to manage the scoring of 

viruses. For instance, we set a score threshold of 40. This means that at a minimum two identical 

peptides (i.e., each with a score of 24) were required to select a species for inclusion in the 

output. In each round, if two closely related viral species obtained very similar scores, they were 

considered tied. Specifically, we required that the lower score be 80% of the higher score (i.e., 

if species 1 had a score of 48 and species 2 a score of 40) and that 70% of the enriched peptides 

are shared between the two species.  In our analysis, tied species were both considered as 

seropositive. A separate deconv analysis was run for each Z score threshold.  

Identification of disparities 

 To identify significant differences in estimated seropositivity between ethnicities and/or 

genders, we utilized a generalized linear model (GLM) implemented in Python using statsmodels 

v3.8.8. Specifically, for each viral species, we fit a binomial GLM with a single dependent 

variable (seropositivity) and three independent variables (ethnicity, gender and age). We utilized 

an alpha of 0.05 for determining significance, along with a Bonferroni correction for multiple 

tests (i.e., number of viruses). In order to reduce the total number of tests, we only examined 

viruses with overall estimated seropositivities between 5 and 95%. These thresholds were chosen 

based on power simulations, which indicated that, with our sample size, it would be unlikely to 

detect differences in seropositivity <10% as statistically significant. 
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Results 

 

Study population 

Our sample set consisted of 400 serum samples collected from 100 HW men, 100 HW 

women, 100 NHW men and 100 NHW women. To minimize the impact of age-related 

differences in seropositivity, we limited our focal age range to 30-60 years, and the age 

distributions were highly consistent across our four subpopulations, with mean age ranging 

between 44.58 and 47.01 (Table 1). We also investigated payor source for each sampled 

individual (Figure 1), as this can serve as a proxy for socioeconomic status. Overall, the vast 

majority of the individuals included in our study were either covered by a government insurance 

plan (52.8%; Tricare, Medicare and/or Medicaid) or were uninsured (31.3%; self-pay). Only 

~13.1% of the individuals in our study were covered by commercial insurance plans and this 

percentage did not vary considerably among our subpopulations, though we observed a slightly 

higher rate of commercial payor for NHW females (20.2%) compared to the other three groups 

(10-11.2%). However, we did observe substantial differences among our subpopulations in the 

proportions covered by either government programs or uninsured. The NHW populations were 

covered in higher proportions by government insurance programs (NHW-M: 79.8%, NHW-F: 

72.7%, HW-M: 44.9%, HW-F: 16%), while the HW populations were more likely to be 

uninsured (NHW-M: 10.1%, NHW-F: 3%, HW-M: 39.8%, HW-F: 72%).  

 

PepSeq Analysis 

All 400 serum samples were assayed, in duplicate, using our HV PepSeq library, and we 

obtained an average of 2.2M Illumina sequencing reads per sample, which equates to an average 

of 9.2 reads per unique HV peptide. However, four samples were excluded from further analysis 
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due to lower than normal correlation between replicates, which may indicate contamination of 

one of the replicates while performing the assay. These included one NHW male, one NHW 

female and two HW males. Therefore, all of the analyses presented here include a total sample 

size of 396.  

Based on visual comparisons of experimental samples and buffer-only negative controls 

(Figure 2), as well the analysis of negative controls that were not considered in the formation of 

bins, we chose a set of four different Z score thresholds (10, 15, 20 and 25) for identifying 

enriched peptides. Higher thresholds are expected to have reduced sensitivity, but increased 

specificity. To explore the false positive rate at each of these thresholds, we analyzed all pairwise 

combinations of 9 buffer-only superblocks (n=36) that were not considered when constructing 

the bins used for Z score calculation. We observed an average of 5.5, 1.1, 0.28 and 0.17 

putatively enriched peptides from these control pseudoreplicate analyses for thresholds of 10, 15, 

20 and 25, respectively. In contrast, from the assays of serum samples, we observed an average 

of 1335, 1071, 926 and 828 enriched peptides for thresholds of 10, 15, 20 and 25, respectively.  

To broadly characterize enrichment patterns within our data set, we averaged the number 

of enriched peptides across all Z score thresholds for each sample. We did not observe 

significant differences between the average number of enriched peptides by ethnicity (HW= 

1032.51, NHW=1035.54; t-test p-value=0.93) however there was a slight significance in gender 

(F=1033.26, M=1035.39; t-test p-value=0.046)  (Figure 3). We also observed no significant 

correlation between the number of enriched peptides and age (Figure 4; Pearson correlation p-

value=0.451). 

The enriched peptides from each Z score threshold were then converted into putative 

virus species-level seropositivities using two different linkage maps: one included all 390 HV 
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target species as viruses to which the study individuals may have been exposed (“Full”), while 

the other only included 93 viruses (“Focal93), excluding those that are very unlikely to have 

been encountered by our focal population. Overall, in comparing the results from these two 

different linkage maps, we observed very strong positive correlations in individual-level 

estimates of the number of seropositive species (Pearson’s correlation coefficients: 0.957 - 0.963; 

p-values: 1.13e-214 - 2.50e-226) and in species-level estimates of seroprevalence (Pearson’s 

correlation coefficients: 0.983 - 0.997; p-values: 7.35e-60 - 2.69e-87). Separately for each linkage 

map, we averaged the number of species per sample across all Z score thresholds in order to 

broadly characterize patterns within our subpopulations, and we found no significant differences 

in the average number of predicted seropositive species by gender (Focal93: F= 29.81, M= 

29.48; Full: F= 33.24, M= 34.11) or by ethnicity (Focal93: HW= 29.78, NHW= 29.51; Full: 

HW= 33.30, NHW=34.05) (Figure 3). However, we did observe a significant positive correlation 

between age and the number of predicted seropositive species from both linkage maps (Focal93: 

Pearson correlation p-value=0.012; Full:Pearson correlation p-value=0.003 ) (Figure 4).  

 

Ethnicity Gender Number Analyzed Avg Age (yrs) Min,max age  (yrs) 

Non- Hispanic white Male 99 45.14 30,60 

 

Female 99 45.77 30,60 

Hispanic white Male 98 47.01 30,60 

 

Female 100 44.58 30,60 
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Table 1. Summary of study population. Serum samples were collected from 400 individuals at 

Valleywise Health Medical Center in Phoenix, AZ and assayed using the HV PepSeq assay. Four 

samples were excluded from the analysis due to possible contamination.  

 

Identification of disparities  

 In order to identify statistically significant differences in seropositivity among our 

subpopulations, we fit a binomial GLM with a single dependent variable (seropositivity) and 

three independent variables (ethnicity, gender and age). The results of this analysis using the Full 

and Focal93 linkage maps were remarkably consistent, and all of the viruses that exhibited 

significant differences between subpopulations were present within the Focal93 subset (Table 

S1). Therefore, we only present the results for the Focal93 linkage map.  

In general, across virus species, we observed higher total seropositivity in older 

individuals, but no consistent directional change associated with gender or ethnicity (Figure 5). 

However, no individual viruses exhibited significant correlations between age and seropositivity 

after correcting for multiple tests, which is likely related to the limited range of ages included in 

this study (30-60 years old). We also found no significant differences in estimated 

seroprevalence between genders. However, we did observe several viruses with significant 

correlations between seropositivity and ethnicity, and these patterns were quite stable across our 

four Z score thresholds (Figure 6).  

In total, ten virus species exhibited ethnicity p-values<0.05 across all four Z score 

thresholds: cytomegalovirus (CMV), herpes simplex virus 1(HSV1) and 2 (HSV2), human 

herpesvirus 7 (HHV7), hepatovirus A (HAV), salivirus A (SaV-A), parechovirus A (PeV-A), 

enterovirus C (EV-C), human adenovirus D (HAdV-D) and human coronavirus OC43 (HCoV-

OC43) (Figure 6). After Bonferroni correction for multiple tests, seven of these remained 
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significant at ≥1 Z score threshold and five remained significant across all four Z score 

thresholds (Figure 6). Within the HW subpopulation, we observed significantly higher 

seropositivity for CMV, HSV1, HAdV-D and HAV across all four Z thresholds and for SaV-A at 

a Z threshold of 10 (Figure 6). Within the NHW subpopulation, we observed significantly higher 

seropositivity for HHV7 across all thresholds and for PeV-A at Z thresholds of 15 and 20 (Figure 

6). 

For all ten viruses showing significant or nearly significant differences in seroprevalence 

between ethnicities, we also looked at the relationship between seropositivity and insurance 

status. Specifically, using a Z score threshold of 15, we compared seroprevalence estimates 

among three subsets of our study population: insured NHWs, insured HWs and uninsured HWs. 

Uninsured NHWs were excluded because of a low sample size (n=13), but generally showed 

seroprevalence estimates similar to insured NHWs. Our results showed that for most viruses, 

estimated seroprevalence within insured HWs was intermediate between the NHW insured and 

HW uninsured subpopulations (Figure 7). Furthermore, we observed significant differences in 

the estimated seroprevalence of CMV and HSV2 between insured and uninsured HWs (Fisher's 

exact test p-values<0.05).  

HAV is unique among the viruses showing significant differences in seroprevalence 

between ethnicities, as it is the only virus for which a vaccine is available. Therefore, the 

differences we observed could be due to differences in either infection or vaccination rates. 

Notably, however, all HAV vaccines approved for use in the US are inactivated and it has been 

shown that antibody responses to natural infection and vaccination can be differentiated by 

measuring the response to nonstructural proteins, to which a response will only be generated 

against with a natural infection (Ye et al., 2017). Therefore, to examine the role of natural 

https://paperpile.com/c/YOpgfT/M1th3
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exposure to HAV in the observed difference in seropositivity, we mapped all enriched HAV 

peptides for each seropositive sample across the HAV proteome. This analysis revealed three 

commonly reactive (i.e., public) epitopes, all of which were observed in both HW and NHW 

individuals. Two of these public epitopes were found within the nonstructural viral protein 2A 

and these were observed in 27.5% [Genbank:NP_041007.1:778-793 (SVDDPRSEEDKRFESH)] 

and 49.5% [Genbank:NP_041007.1:812-823 (LKYAQEELSNEV)] of the seropositive 

individuals, respectively. The third public epitope was present in the non-structural viral protein 

3A [Genbank:NP_041007.1:1431-1441(SAVAEFFQSFP)] and was observed in 58.2% of the 

seropositive individuals (Figure 8).   

 

Discussion 

 In this study, we used PepSeq, a platform for highly-multiplexed serology, to broadly 

assess individual viral infection histories and to identify differences in seropositivity among 

various subsets of the population served by Valleywise Health in Phoenix, AZ. PepSeq allows 

for 100,000s of peptide antigens to be simultaneously assayed for antibody reactivity, and thus, it 

has the potential to facilitate comprehensive characterization of differences in viral infection 

rates among subsets of a community. In contrast, the single-plex nature of traditional serological 

techniques (e.g., ELISA) has required that previous studies focus on a small number of high 

priority viruses (Fukushi, 2020; Kang et al., 2012).   

 In general, our results were consistent with expectations from published studies. First, we 

observed a general trend toward higher seropositivity with higher age, a pattern that has been 

reported for a wide variety of viruses. In fact, we observed this pattern at two levels: 1) a positive 

correlation between an individual’s age and the number of seropositive virus species called 

(Figure 4) and 2) negative age associated GLM coefficients for most viruses, indicative of higher 

https://paperpile.com/c/YOpgfT/eusH+Pnhw
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seroprevalence with increased age (Figure 5). Second, we found that overall estimates of 

seroprevalence for individual viruses were broadly consistent with expectations from molecular 

and singleplex serological surveys. For example, with a Z score threshold of 15, seven viruses 

had estimated seropositivities ≥90%. Among these were five common respiratory viruses, for 

which it is expected that seroprevalence is near 100% by adulthood (Nelson et al., 1999): human 

rhinoviruses A, B and C, human orthopneumovirus (a.k.a. respiratory syncytial virus) and human 

respirovirus 3 (a.k.a. human parainfluenza virus 3). Also included in this set are human 

gammaherpesvirus 4 (a.k.a Epstain-Barr virus) and Norwalk virus (a.k.a norovirus), consistent 

with published serological surveys of adults in the US (Balfour et al., 2013; Kirby et al., 2020). 

We also found that relative seroprevalence estimates for closely related viruses were generally 

consistent with documented differences in abundance. For example, while we estimated a 

seroprevalence for the more common human respirovirus 3 of 91%, the less common 

“parainfluenza” viruses (human respirovirus 1 and rubulaviruses 2 and 4) were estimated to have 

seroprevalences of 25-36% (DeGroote et al., 2020). Similarly, while influenza A and B viruses 

were estimated to have seroprevalences of 81% and 76%, respectively, influenza C virus 

seroprevalence was estimated at just 22% (Sederdahl and Williams, 2020), and the 

seroprevalences of HSV-1 and HSV-2 were estimated to be 85% and 38%, respectively (Mc 

Quillan et al., 2016). Taken together, these observations provide strong support for the use of our 

highly-multiplexed serology approach for broadly characterizing viral infection histories.  

 Although we did not observe any statistically significant differences in seropositivity 

between males and females in our study, we did observe significant differences in seropositivity 

between HWs and NHWs for seven different viruses, and these differences were largely 

consistent across different Z score thresholds for peptide enrichment (Figure 6). For five of these 

https://paperpile.com/c/YOpgfT/Cw8l
https://paperpile.com/c/YOpgfT/Flis+xo3S
https://paperpile.com/c/YOpgfT/vE59
https://paperpile.com/c/YOpgfT/vmAh
https://paperpile.com/c/YOpgfT/R4Ts
https://paperpile.com/c/YOpgfT/R4Ts
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viruses (CMV, HSV-1, HAV, SaV-A and HAdV-D), we observed significantly higher 

seropositivity within our HW subpopulation, while for the other two (HHV-7 and PeV-A), we 

observed higher seropositivity in our NHW subpopulation. Strikingly, several of the significant 

trends that we observed within our study population are consistent with previously published 

studies that used singleplex serological and/or molecular approaches (see below for details), thus 

lending additional credibility to our novel, highly-multiplexed approach. 

Notably, Arizona is home to a large and diverse immigrant population, and this has likely 

contributed to our observed differences in seropositivity among ethnicities. According to 

estimates from 2018, immigrants (i.e., foreign-born individuals) comprised 13% of the 

population in Arizona, 16% of the state’s population were native-born Americans with at least 

one immigrant parent, and 55% of all immigrants in Arizona were from Mexico, with the next 

most common countries of origin (Canada, India, Philippines) each accounting for only 4% of 

the immigrant population. Although we did not have access to the immigration status of the 

individuals included in our study, we were able to examine the payor source associated with each 

individual’s medical visit, and we used a lack of insurance coverage (i.e., “self pay”) as a proxy 

for immigration status. In other words, we assumed that the uninsured population would contain 

a higher proportion of immigrants compared to the insured population, and consistent with this 

assumption, we observed a much higher proportion of uninsured individuals within our HW 

subpopulation compared to our NHW subpopulation (Figure 1).  

By comparing estimates of seropositivity between the uninsured and insured HW 

subpopulations, we were able to demonstrate that, for the majority of viruses that exhibited 

significant or near significant differences in seropositivity between ethnicities, the insured HW 

population represented an intermediate level of seropositivity between HWs and uninsured 
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NHWs (Figure 7). This pattern is consistent with the hypothesis that a large portion of the 

differences in seroprevalence we observed between ethnicities can be attributed to differences in 

seroprevalence between immigrant and non-immigrant populations. Antibody responses to 

viruses can be long-lived, even providing lifetime protection from future infection. Therefore, 

one possible explanation is that we are seeing evidence of differences in viral exposure rates, 

possibly during adolescence, for those who were raised in the US versus those who were raised 

outside of the US and potentially in less developed, resource-limited countries. Many of the 

viruses flagged by our analysis are commonly encountered during childhood, and several are 

known to be more prevalent outside of the US. However, differences in the dynamics of virus 

transmission in immigrant communities within the US could also be contributing to the observed 

patterns.  

 Viral transmission mechanisms may also play an important role in determining which 

viruses are most likely to be associated with disparities among ethnic groups. Of the seven 

viruses with a significant difference in seroprevalence between HWs and NHWs, three are 

transmitted primarily through intimate contact (CMV, HHV7, HSV1), three are transmitted 

primarily via the fecal-oral route (HAV, PeV-A, SaV-A) and one (HAdV-D) has been associated 

with a variety of transmission routes, including close personal contact, the fecal-oral route and 

respiratory droplets. Absent from this list is respiratory viruses that are primarily spread through 

airborne transmission, likely due to the wider potential radius for spread from person to person. 

In other words, our results suggest that viruses that rely on close contact for successful 

transmission are more likely to be associated with population-level disparities.  

Notably, of our ten species that exhibited significant or near significant differences in 

seroprevalence between ethnicities, eight belong to two virus families: Herpesviridae and 
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Picornaviridae. Although human herpesviruses (HHV) can be transmitted via close contact or 

respiratory secretions  (Gautheret-Dejean and Agut, 2014), all of the HHVs associated with 

significant differences in seropositivity between ethnicities, are primarily transmitted via close or 

intimate contact. Our results show that we were able to recapitulate a HHV related, previously 

characterized disparity associated with CMV. Our analysis estimated that CMV seropositivity 

was 10-20% higher within our HW sub-population (Figure 6). A National Health and Nutrition 

Examination Survey (NHANES) survey from 1988-2004 showed that CMV disproportionately 

affects HWs within the US with a seroprevalence rate 25-30% higher than that of NHWs 

(Cannon, 2009). Although it has also been reported that CMV is a widespread infection and 

usually does not cause illness in healthy adults  (Nikolich-Žugich et al., 2020), congenital CMV 

is a leading cause of hearing loss, vision loss, and mental disability among congenitally infected 

children (Colugnati et al., 2007). In fact, it is estimated that 30,000 children are born annually 

with CMV, and nearly 20% of these infants are born with or develop permanent sequelae such as 

hearing loss, vision loss, cerebral palsy, or cognitive impairment. Notably, 90% of CMV positive 

infants will not develop signs of sequelae until months or years later (Cannon, 2009). The same 

study also found that seroprevalence of CMV is 15–25% higher among persons living in low and 

middle income households than among those living in high income households (Cannon, 2009). 

We know that the socioeconomic status of the majority of patients seen at Valleywise are at or 

below federal poverty level and because this group of the population has shown to be 

disproportionately affected by CMV infections, our results not only define an ethnic disparity, 

but they also support a known socioeconomic disparity associated with CMV.   

Two other HHVs with significant differences in seropositivity within our study also 

recapitulate known trends in seroprevalence. Though similar in disease manifestation, HSV1 is 

https://paperpile.com/c/YOpgfT/SVHw
https://paperpile.com/c/YOpgfT/j5K4C
https://paperpile.com/c/YOpgfT/g0sy
https://paperpile.com/c/YOpgfT/QOTdg
https://paperpile.com/c/YOpgfT/j5K4C
https://paperpile.com/c/YOpgfT/j5K4C
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most commonly acquired in childhood because it is transmitted through close contact whereas 

HSV2 is only transmitted through intimate contact (Xu et al., 2006). Despite being more 

widespread, HSV1 is historically known to have a higher prevalence rate amongst HWs within 

the US than NHWs (Mc Quillan et al., 2016). In a study focused on tracking seroprevalence of 

common pathogens in the US between two subpopulations in San Antonio, TX, they found that 

HSV2 seroprevalence is higher within their US residing HW subpopulation than within a 

subpopulation living in Mexico (Rubicz et al., 2011). In our study, we found that both of these 

previously reported trends could also be present within our subpopulations. We observed 10-

30% higher seropositivity of HSV1 amongst HWs and ~10% higher seropositivity of HSV2 

amongst NHWs. Like Texas, Arizona is a border region that has a higher immigrant population 

than other inland states. An explanation as to why we are seeing similarities between our HW 

population and the Mexico-residing subpopulation in the above mentioned study, is that we are 

likely observing similar rates of infection of HSV1 between these two populations.  

Last within our species belonging to the family Herpesviridae is HHV7.  We observed a 

20% difference in seropositivity for HHV7 within our NHW subpopulation compared to our HW 

subpopulation. HHV6 and HHV7 are similar and for both viruses, exposure typically occurs 

during infancy with transmission occurring through close contact (Zerr and Ogata, 2014). By the 

age of 6, most individuals are seropositive for both HHV6 and HHV7  (Mandell et al., 2009). In 

the same study by (Rubicz et al., 2011), HHV6 seroprevalence was higher within their HW 

subpopulation in the US than their subpopulation residing in Mexico. Although this study did not 

investigate seroprevalence of HHV7, because of the similarities between HHV7 and HHV6, our 

results suggest that the differences in seropositivity for HHV7 could in fact be associated with 

location and/or ethnicity. Given that the seroprevalence of both HHV6 and HHV7 are known to 

https://paperpile.com/c/YOpgfT/M9a3
https://paperpile.com/c/YOpgfT/R4Ts
https://paperpile.com/c/YOpgfT/IXKJc
https://paperpile.com/c/YOpgfT/wixw
https://paperpile.com/c/YOpgfT/U6Ok
https://paperpile.com/c/YOpgfT/IXKJc
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be generally high within a given population in the US (Mandell et al., 2009), it is likely that we 

are capturing this pattern of infection rates within our NHW subpopulation. 

As mentioned above, we also saw a large number of differences in seropositivity for 

species belonging to the Picornaviridae family.  Most picornavirus infections often go 

unnoticed; however, some have been associated with causing mild to severe illness (Yin-Murphy 

and Almond, 2011). Specifically, we had four distinct genera: hepatovirus A (HAV), enterovirus 

C (EV-C), salivirus A (SaV-A), and parechovirus A (PeV-A). 

 HAV is the causative agent of Hepatitis A, which is a vaccine preventable disease of the 

liver and is often characterized as an acute infection (Matheny and Kingery, 2012). Transmission 

of HAV typically occurs via the fecal-oral route through ingestion of contaminated food or 

water. Our results show a 20-30% increase in seropositivity within our HW subpopulation 

(Figure 6). In a CDC surveillance report conducted in 2019 mapping the rate of HAV infection 

by state,  Arizona was second highest in the nation at 5.6-14.8 cases per 100,000 residents (CDC, 

2021a) and although historically reported cases of HAV have been higher amongst the Hispanic 

population in the United States, in 2019, NHW showed an unusual spike in the number of HAV 

reported cases (CDC, 2021a).  However, a previous study has shown that HAV 

disproportionately affects hispanics; primarily in border regions in Arizona compared to non-

border regions in the US (Ernst and Erhart, 2014). They also found there is an increased risk of 

infection in individuals who frequently visit Mexico (Ernst and Erhart, 2014). Because of the 

large proportion of uninsured (i.e, self-pay) (Figure 1) individuals in our HW subpopulation, we 

are likely supporting the influence of travel on HAV associated health disparities and although 

vaccination is an option, language barriers have shown to inhibit vaccination efforts (Ernst and 

https://paperpile.com/c/YOpgfT/U6Ok
https://paperpile.com/c/YOpgfT/dhv5
https://paperpile.com/c/YOpgfT/dhv5
https://paperpile.com/c/YOpgfT/BPRl
https://paperpile.com/c/YOpgfT/S5sE
https://paperpile.com/c/YOpgfT/S5sE
https://paperpile.com/c/YOpgfT/S5sE
https://paperpile.com/c/YOpgfT/8OCqk
https://paperpile.com/c/YOpgfT/8OCqk
https://paperpile.com/c/YOpgfT/8OCqk


 
 
22 

Erhart, 2014). Our results therefore recapitulate known disparities associated with HAV within 

border regions.  

Of our seropositive species, HAV is the only virus for which there is a vaccine available. 

Currently there are three inactivated vaccines approved for use in the US: VAQTA, HAVRIX, 

and TWINRX. In a study by (Robertson et al., 1992), it was found that in order for nonstructural 

proteins to be produced, active replication of viral particles must occur. In other words, 

vaccinated individuals will lack antibodies that target nonstructural proteins for HAV since they 

would have never been produced given that all available vaccines in the US are inactivated. Our 

results show high levels of reactivity to the public epitope located within nonstructural viral 

protein 3A (Figure 8) with 58.2% of HAV seropositive individuals showing reactivity to 3A. 

Although we do not have vaccination records for our population, the high level of reactivity to 

3A is strong evidence for natural infection to HAV. Furthermore, viral protein 2A is also 

nonstructural, however there is evidence to suggest that current vaccines might contain portions 

of this protein (Stuart et al., 2019). Therefore, by solely taking protein 3A into account, we can 

more confidently predict natural infections from vaccine immunity.  

We also observed seroprevalence of novel picornavirus SaV-A. We observed ~10% 

higher seropositivity within our HW subpopulation. SaV-A was first described in 2009 and little 

is known about the seroprevalence of this virus in the United States. However, SaV-A has been 

confirmed to be present in wastewater in the US (Li et al., 2009). In a study tracking SaV-A 

seroprevalence in wastewater in Arizona, they found evidence of SaV-A in 15% of water 

samples collected in AZ over a year (Kitajima et al., 2014). SaV-A is transmitted via the fecal-

oral route and has been linked to cases of gastroenteritis in children (Kitajima et al., 2014).  Our 

results suggest that there might be a disproportionate effect of SaV-A amongst HW, however 

https://paperpile.com/c/YOpgfT/8OCqk
https://paperpile.com/c/YOpgfT/Jpxk
https://paperpile.com/c/YOpgfT/FjDF
https://paperpile.com/c/YOpgfT/dxUd
https://paperpile.com/c/YOpgfT/NsfS
https://paperpile.com/c/YOpgfT/NsfS
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because so little is known about SaV-A, it is difficult to predict the full impact this virus may 

have on human health within these populations.  

 Last of our significant species within the Picornoviridae family are EV-C and PeV-A. 

Both of which are primarily transmitted via the fecal-oral route and are often acquired at a young 

age (Zaki and Keating, 2018). EV-C and PeV-A are widespread viruses that are associated with 

respiratory and gastrointestinal symptoms (Karelehto et al., 2019; Sridhar et al., 2019; Zaki and 

Keating, 2018). However, PeV-A3, a strain of PeV-A, is known to exclusively cause severe 

disease in infants (Sridhar et al., 2019). In fact, PeV-A3 has been associated with causing 

meningitis and sepsis-like disease in infants (Sridhar et al., 2019). Within our study, our NHW 

subpopulation showed ~10-15% higher seropositivity for PeV-A. A study investigating the 

seroepidemiology of parechovirus A3 (PeV-A3) found a high prevalence of neutralizing 

antibodies to PeV-A3 implying that PeV-A3 is widespread (Karelehto et al., 2019). They also 

found that immunity to PeV-A3 decreases over time (Karelehto et al., 2019). Although this virus 

is known to cause disease in children, and if immunity truly decreases over time, because of the 

age of our sample population the differences in seropositivity could be associated with real 

differences in exposure and infection rates to this virus.  

Enteroviruses (EV) are common, widespread environmental viruses that are primarily 

transmitted via the fecal-oral route (Brouwer et al., 2021; Pellett et al., 2014).  EVs usually lead 

to febrile illness but can also lead to upper respiratory infections (Pellett et al., 2014). Within our 

HW subpopulation, we observed ~10% higher seropositivity compared to our NHW 

subpopulation. An explanation as to why we see an increase in seroprevalence in viruses 

primarily transmitted via fecal-oral route in Hispanics such as EV-C along with the above 

mentioned HAV and SaV-A could potentially be explained by the demographics and location of 

https://paperpile.com/c/YOpgfT/rPed
https://paperpile.com/c/YOpgfT/xgxt+kgNK+rPed
https://paperpile.com/c/YOpgfT/xgxt+kgNK+rPed
https://paperpile.com/c/YOpgfT/kgNK
https://paperpile.com/c/YOpgfT/kgNK
https://paperpile.com/c/YOpgfT/xgxt
https://paperpile.com/c/YOpgfT/xgxt
https://paperpile.com/c/YOpgfT/Np88+CZZb
https://paperpile.com/c/YOpgfT/CZZb
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this study. Fecal-oral transmission of pathogens is often associated with the socioeconomic status 

of a country (Damjanov, 2009), commonly referred to as underdeveloped countries. It is possible 

that we are seeing this increase in seroprevalence within this group as a result of travel to and 

from other countries.   

Lastly, HAdV-D is a highly diverse species that has been shown to cause severe disease 

such as epidemic keratoconjunctivitis in immunocompromised individuals, however little is 

known about the general health impact of HAdV-D (Pauly et al., 2014). In our results we 

observed 20-30% higher seropositivity within our HW subpopulation (Figure 6) than our NHW 

subpopulation. Although transmission of human adenoviruses is primarily via respiratory 

droplets, fecal-oral transmission is also common for this species (Gray, 2006). However, due to 

the lack of studies investigating the seroprevalence of HAdV-D, it is difficult to deduce the 

impact this virus might have on the general health of this population.  

Overall, we were successful in broadly characterizing individual antiviral antibody 

reactivities and using these reactivities to infer infection history. By recapitulating several known 

differences in seropositivity between two ethnic groups, we are confident in the quality of our 

analysis and the future applications data of this type can serve. We also characterized several 

previously unknown differences in seropositivity between HWs and NHWs in our study 

population, and these results can be used to develop medical and social interventions to minimize 

the impact of these disparities. Because of our sample size, we likely overlooked some clinically 

significant species. Future studies should consider differentiation between clinical and statistical 

significance in order to be able to fully comprehend the impact of these viruses on these 

communities. In doing so, better suited medical and social interventions can be developed to 

better serve these communities.  

https://paperpile.com/c/YOpgfT/gydq
https://paperpile.com/c/YOpgfT/G2E3
https://paperpile.com/c/YOpgfT/8Dtk
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Limitations: 

One limitation of our approach is an inability to differentiate between a historical 

exposure and recent infection. IgG is typically generated within 2-3 weeks following viral 

infection, and in some cases, these responses can persist for a lifetime. Therefore, with the 

analysis presented here, it is generally not possible to determine the relative timing of responses. 

However, it is possible to augment the analysis utilizing longitudinal sampling and/or the capture 

of alternative isotypes, like IgM, to obtain a more complete view of the timing of infections. We 

are also unable to detect the full spectrum of antiviral antibodies, as some epitopes cannot be 

well-represented by peptides. For the purposes of this study, however, neither of these factors is 

likely to have a large impact as 1) most viruses do elicit antibodies that are detectable in peptide-

based assays (Xu et al., 2015), 2) our assay includes peptides tiled across the full proteomes of 

human-infecting viruses and 3) any limitations in sensitivity and/or resolution are expected to 

equally affect our different subpopulations.  

Additionally, because of our sample size, relatively large differences in seroprevalence 

(>10%) were required to be considered statistically significant. It could be that more significant 

differences in seroprevalence would be detected with a larger sample size. However, by virtue of 

the larger discrepancies between subpopulations, we believe that we have been able to detect 

those viruses most likely to lead to substantial disparities between sub-populations. These factors 

could be resolved with a larger sample size, as this is a pilot study, further studies could shed 

light on these pitfalls.  

https://paperpile.com/c/YOpgfT/fYQW
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Figure 1. Payor source varied substantially among focal subpopulations. Payor source was 

consolidated into six general categories and is shown for each subpopulation.  
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Figure 2. Example of PepSeq results for a single serum sample highlighting  peptides that 

have been enriched through antibody interactions. Scatterplot showing log-transformed 

estimates of relative abundance (reads per million) for a single serum sample run in duplicate (y-

axis) compared to  buffer only controls (x-axis, average of 20 replicates shown). Enriched peptides 

are colored according to the maximum Z score threshold cutoff at which they were considered 

enriched. Unenriched peptides are shown in grey.  
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Figure 3. PepSeq identifies similar overall levels of antibody reactivity against 

viruses  between genders and ethnicities. Box plots depicting the average number of enriched 

PepSeq peptides (top) and the number of virus species selected by the deconv module (bottom) for 

each sample (Focal93), divided according to gender (left) and ethnicity (right). Number of enriched 

peptides and number of species called across four Z score thresholds (10, 15, 20 and 25) were 

averaged. Average number of enriched peptides:  F=1033.26, M=1035.39,  HW= 1032.51, 

NHW=1035.54. Average number of putatively seropositive virus species: F= 29.81, M= 29.48, 

HW= 29.78, NHW= 29.51. 
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Figure 4. Positive correlation between age and the predicted number of viral species to which 

an individual has been exposed. Scatter Plots with respective best-fit lines showing average 

number of enriched peptides (left) and average number of predicted species by the deconv module 

(right) by age. Plots were generated using a custom python script and Pearson correlation was used 

to test for significance. Significant positive correlation for number of species across age (p value 

=0.012) but not for enriched peptides (p value 0.451).   
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Figure 5. Trends in variable coefficients across all z score thresholds. Box plot summary of 

overall patterns in coefficient distribution for each independent variable included GLM analysis.  
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Figure 6. Significant differences in seropositivity by ethnicity detected.   Line plot depicting 

ten species with significant difference (pVal<0.05) in seropositivity between HW and NHW at 

each Z score threshold (outlined points). Negative differences are species higher within NHWs 

and positive differences are higher within HWs. Species still significant after Bonferroni correction 

are depicted by filled points. 
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Figure 7. Seropositivity between HWs insured and HWs uninsured mirror NHW and HW 

seropositivity trends. Line plot depicting seropositivity for ten significantly seropositive viruses 

(pVal<0.05) by insurance status. Seropositivity is being shown for a Z score threshold of 15 and 

was normalized against insured NHWs. Asterisks indicate the only two viruses in which we see a 

significant difference between Hispanic insured and uninsured using a Fisher’s Exact test. 
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Figure 8. Enriched peptides and public epitopes identified in both structural and non-

structural HAV proteins. Heatmap of enriched peptides across the HAV proteome for all samples 

seropositive for HAV with a Z score threshold of 15. Samples are broken up by ethnicity on the 

Y-axis and position within the HAV polyprotein is across the X-axis. The three most commonly 

reactive epitopes within these samples are highlighted in grey. Viral proteome is located across the 

top.  
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