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Abstract 

Exploring Ancestry-Related Differences in Dengue Virus Infection in Human Skin  
 

Jocelyn Marie Taddonio, MS 
 

University of Pittsburgh, 2024 
 
 
 
 

Dengue is the most prevalent arboviral infection in the world, and the number of clinical 

cases and global spread are rising. Recent data have demonstrated a link between genetic ancestry 

and susceptibility to dengue virus (DENV) infection; individuals with European ancestry (EA) 

have a higher rate of infection and inflammatory response to dengue than those of African ancestry 

(AA). Immunofluorescence staining of skin – the site of dengue virus transmission – has illustrated 

differences in cytokine expression in EA and AA donors following infection ex vivo. Single 

nucleotide polymorphisms (SNPs) of various innate immune genes, including RXRA, have been 

associated with susceptibility to DENV infections and genetic ancestry. Retinoid X receptor alpha 

(RXRα) is known to promote proinflammatory responses by limiting interferon production and 

inducing inflammatory and chemokine gene expression. This inhibits host antiviral defenses, 

which makes the immune system more susceptible to viral infection. The possible role of RXRα 

in DENV infections is unknown, but it could influence the ancestry-related differences observed 

in immune responses to DENV infections. This study aims to examine RXRα expression in the 

epidermis, as well as identify the cells responsible for production of proinflammatory and antiviral 

cytokines during DENV infections. To investigate this, human skin explants donated by the 

University of Pittsburgh Medical Center (UPMC) were infected with DENV. Chemiluminescent 

western blotting and flow cytometry techniques were used to identify and quantify RXRα 

expression within infected cells. Full-thickness cell lysates (epidermal and dermal cells) suggested 

a difference in RXRα expression between ancestry donors 24-hours post infection, while 
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epidermal cell lysates showed no protein difference. Interleukin-1β (IL-1β) and interferon alpha 

(IFNα) concentrations were measured by ELISA to evaluate cytokine production in response to 

infection. Secreted cytokines were not detectable by ELISA 24-hours post infection, while 

preliminary data for intercellular cytokine levels showed no difference in concentration. This 

project was unable to identify the epidermal cells responsible for cytokine production in response 

to DENV infections. By understanding ancestry-related differences in DENV infections and the 

forces which drive the immune responses, therapeutics can be developed to modulate these 

responses that increase risk of disease in susceptible populations. 
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1.0 Introduction 

Dengue is the most prevalent mosquito-borne viral infection in the world, and it is endemic 

in over 100 countries within Central and South America, Africa, and Southeast Asia (1). Spread 

through mosquitoes, there are four circulating serotypes of dengue viruses (DENV) that can result 

in a range of illness and severity. Infections can either be asymptomatic, manifest into a mild 

febrile illness, or develop into a severe, and sometimes fatal, hemorrhagic disease (1, 2). More 

than half of the world’s population live in areas of risk for DENV infections, and it is estimated 

that there are around 390 million infections annually with 96 million of those cases displaying any 

symptoms (3). Upon initial infection, individuals receive life-long immunity to the infection 

serotype, but only short-term immunity to the other three viral serotypes. After this immunity 

wanes, infection with another serotype will generate a secondary infection, which is more likely 

to develop into severe disease, a consequence of antibody-dependent enhancement (4). Dengue is 

continuing to spread to non-endemic regions of the world, such as the United States of America 

and Europe, and is considered as a major public health challenge by the World Health 

Organization. 
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1.1 Dengue Overview 

1.1.1 Vector Global Distribution 

As an arboviral infection, DENV is transmitted to humans through the bite of an infected 

female mosquito. Two mosquito species are responsible for the spread of this infection: Aedes 

aegypti and Aedes albopictus (5). Both mosquitoes are capable of transmitting other viruses of the 

Orthoflavivius family that DENV belongs to, such as Zika virus (ZIKV) and yellow fever virus 

(YFV) (6). Ae. aegypti primarily resides in tropical and subtropical regions, and inhabits areas 

such as the Caribbean, Central and South America, Africa, and southeast Asia (Figure 1). While 

Ae. albopictus are sympatric and partially share the same geographical range as Ae. aegypti, they 

additionally inhabit more temperate climates as well. Since the 1980s, Ae. albopictus have spread 

to the eastern United States and southern Europe (Figure 1). 
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Predicted Global Distribution of Aedes aegypti 

 

Predicted Global Distribution of Aedes albopictus 

 

Figure 1. Geographical range of Aedes aegypti and Aedes albopictus 

The predicted global range of two common arboviral vectors. The map depicts the probability of occurrence (from 0 

blue to 1 red) at a spatial resolution of 5 km × 5 km. Figure obtained from eLife.08347 (Open Source). 
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Ae. aegypti are the primary vector for DENV, while Ae. albopictus can also transmit the 

virus, albeit less efficiently than the aforementioned (7). Ae. aegypti are anthropophilic and 

preferentially feed on humans, while Ae. albopictus are less attracted to humans and also feed from 

non-human mammalian hosts (7). Both mosquitoes predominantly feed during the day, when 

humans are most active. Ae. aegypti thrive in urban areas with high human population densities to 

feed from, and where they utilize artificial containers and open water reservoirs for breeding sites 

(5–7). With vaccine development still underway, disease prevention strategies focus primarily 

on vector control and managing mosquito breeding sites.  

1.1.2 Global Burden of Dengue 

Dengue has become the most widespread arbovirus in the world, with around 4 billion 

people living in areas with risk of infection (8). Over 100 countries in southeast Asia, the 

Americas, Africa, and western Pacific are endemic with dengue (1). The extensive range of dengue 

transmission is illustrated by reported cases of autochthonous or locally acquired dengue in 

tropical and subtropical regions of the world (Figure 2), areas where Ae. aegypti and Ae. albopictus 

vectors are known to inhabit (Figure 1). There is estimated to be around 390 million dengue 

infections annually, with 96 million of those cases showing clinical manifestations (3). With such 

a substantial impact on global health, dengue has significant economic consequences on direct and 

indirect costs of disease. In the Americas, annual costs of dengue illness is estimated around $2.1 

billion (9), while in southeast Asia, annual costs are estimated around $950 million 

(10).  Estimated annual global cost of dengue is around $8.9 billion US dollars (2). 
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Figure 2. Global prevalence of dengue 

Countries/territories/areas reporting autochthonous dengue cases (November 2022 - November 2023). Figure 

obtained from the World Health Organization (21 December 2023), Disease Outbreak News; Dengue – Global 

situation (Open Source). 

 

The increasing spread of dengue is contributed to several factors, such as climate change, 

urbanization, and global travel (2). Changes in climate can expand the global range of vectors, as 

a rise in temperature can make previously uninhabitable areas more suitable for vectors. With the 

spread of mosquito vectors to new areas such as the United States of America and Europe (Figure 

1), so too does the expansion of dengue infection increase (Figure 2). Urbanization enhances vector 

breeding by increasing breeding sites and human exposure to vectors. Global travel quickly 

introduces viruses from one area to another, contributing to the transmission of dengue as well (1). 

Due to its widespread prevalence worldwide, impacts on human health, and economic burden, 

dengue is a major global public health concern. 
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1.1.3 Disease Symptoms 

Dengue has a wide spectrum of clinical manifestations, even though the majority of 

infections are asymptomatic (2). Infection can be caused by any of the four DENV serotypes, and 

following a bite from an infectious mosquito, symptoms typically develop within two weeks. After 

symptom onset, the illness goes through three phases: febrile, critical, and recovery (11, 12). The 

febrile phase typically lasts around 2-7 days, and includes symptoms of high fever, body aches, 

headaches, muscle and joint pains, nausea and vomiting, and development of a rash at the site of 

infection. After the fever clears, the critical phase begins and can last between 2-3 days (11, 12). 

The critical phase occurs in cases of severe dengue, which are more likely to develop from 

secondary infections. Patients with severe dengue display one or more of the following 

symptoms: plasma leakage which leads to shock, severe bleeding, or organ failure (12). During 

the recovery phase, the patient may experience tiredness and weakness as the infection clears.   

1.1.4 Innate Immunity 

Dengue infection begins when the virus is inoculated into the skin by a mosquito probing 

for a blood meal. Keratinocytes, the most abundant cell type in the epidermis, are among the first 

to become infected with the virus (13, 14). Once infected, these cells stimulate the immune 

response by producing proteins called cytokines and chemokines to recruit other immune cells to 

the site of infection. Skin resident immune cells including Langerhans cells, macrophages, and 

dermal dendritic cells, are recruited to the site of infection to aid in the immune response (13). As 

a result, these cells become infected with DENV as well, and contribute to the spread of infection 

to the dermis (13). Infected Langerhans cells and dermal dendritic cells eventually migrate to the 
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lymph nodes, where they initiate the adaptive immune response (14). Within the lymph nodes, 

virus can spread to other monocytes and macrophages, and DENV can continue to rapidly spread 

and disseminate throughout the body from this site through viremia.  

1.2 Host Risk Factors 

Infectious diseases rely on the dynamic relationship between pathogen, host, and 

environmental factors to cause disease. Host factors describe traits of individuals that have effects 

on disease susceptibility and severity, and they include characteristics such as age, genetics, 

comorbidities, and immune function (15). In severe dengue, mortality rates can be greatly 

decreased if cases are promptly recognized and supportive care is provided. Age, history of 

diabetes, pregnancy, and secondary infections were found to be risk factors for development of 

severe dengue rather than dengue fever (16). Understanding host factors for a disease can provide 

knowledge about viral transmission and host-pathogen interactions, which is crucial for designing 

and improving therapeutic treatments.  

1.2.1 Genetic Variations 

Genetic variations are the differences that vary in DNA from one person to the next, and 

they can have an expansive effect on the human body and its many biological functions. These 

variations are most commonly caused by mutations, specifically single nucleotide polymorphisms 

(SNPs) that occur in a single base pair in a given DNA sequence (17). SNPs are very prevalent in 

the genome, occurring on average once every 1,000 nucleotide bases, which can result in millions 
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of SNPs within a single genome (18). Some variations do not change amino acid sequences for 

protein synthesis and are known as silent mutations, while others can cause changes within a 

protein sequence (termed non-synonymous) that have no detectable effect on protein function (17, 

19). However, some mutations (termed synonymous) can alter the functionality of the genes they 

reside in, the structure of proteins they produce, and various biological processes they are involved 

in. As such, SNPs can play a role in infectious diseases by affecting susceptibility to infections, 

disease severity and progression, as well as the body’s immune response to a certain pathogen 

(20).  

There are often patterns of frequencies in SNPs between geographical populations and 

ethnicities. Ancestry-informative markers (AIMs) are sets of SNPs distributed throughout the 

genome that appear more frequently in certain geographical regions of the world, and they are used 

to estimate the proportion of genetic ancestry of individuals (21, 22). These AIMs occur in high 

frequencies across continental populations, such as Africa, Asia, and Europe, and can distinguish 

proportion of ancestry from these populations through a Principal Component Analysis (PCA) (22, 

23). Our lab uses these AIMs to distinguish proportion of genetic ancestry of tissue donors since 

self-identification is not the most accurate representation of genetic background. 

1.2.2 Ancestry and Severe Dengue 

Epidemiological studies from several Central and South American countries, such as Cuba 

and Colombia, as well as Africa have identified ancestry as a potential risk factor for the 

development of severe dengue (24–27). These studies observed that individuals with European 

ancestry (EA) are more susceptible to severe dengue than those of African ancestry (AA). During 

an outbreak in Cuba, significantly higher amounts of dengue cases were reported in Cubans of 
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European ancestry compared to those with African ancestry (24).  This confers some protection 

against viral infection in those with African ancestry, as they are less susceptible to disease.  

1.2.3 SNPs Associated with Dengue Severity and Ancestry 

Genome-wide association studies (GWAS) are a common tool to study associations 

between SNPs and phenotypic traits, such as disease symptoms and illness. To do this, GWAS 

research can identify which variations occur in higher frequencies within cases of diseases than 

compared to a healthy population (28). Cuba has a unique advantage of studying the implicated 

relationship between genetic ancestry and dengue susceptibility as it has frequent, but isolated, 

dengue epidemics and is composed of a diverse population of admixed-ancestry. Using GWAS, a 

Cuban cohort of patients with dengue fever was analyzed for SNPs and matched with 

asymptomatic controls (25). This study identified functional SNPs within innate immune genes 

associated with ancestry and susceptibility to dengue infections, with two genes of note including 

oxysterol binding protein-like 10 (OSBPL-10) and retinoid X receptor alpha (RXRα) (25). This 

study suggests that RXRα plays a role in African ancestry protection against dengue fever.  

1.3 Retinoid X Receptor Alpha (RXRα) 

Retinoid X receptors (RXRs) are a family of nuclear receptors within cells that contribute 

to various biological processes, including cell differentiation, metabolism, and immune responses. 

RXRs can either homodimerize with themself or become heterodimers with other nuclear receptors 

like peroxisome proliferator-activated receptor (PPAR), retinoic acid receptor (RAR), and vitamin 
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D receptor (VDR) (29–31). Different RXR homo- and heterodimers recognize and bind to distinct 

promoter sites, which affects which biological pathway they influence. With numerous 

combinations of ligands that RXRs can heterodimerize with, these receptors can function in  many 

signaling pathways (29). RXRs are made up of three subtypes: RXRα (NR2B1), RXRβ (NR2B2), 

and RXRγ (NR2B3) (29, 32). 

1.3.1 Cellular Localization and Receptor Function 

In the nucleus, RXRα serves as a ligand activated transcription factor to regulate gene 

expression involved in various biological processes. Natural ligands of RXRα include 9-cis-

retinoic acid, docosahexaenoic acid (DHA), and phytanic acid, and several other synthetic ligands 

called rexinoids that can also bind to RXRα (29, 33). Additionally, various cellular processes can 

cause RXRα to migrate from the nucleus to the cytoplasm, including differentiation, apoptosis, 

and inflammation (30, 31). Nongenomic functions of RXRα typically involve a cleaved or 

modified form of the protein (31). One function of cytoplasmic RXRα includes exporting nuclear 

receptor TR3 from the nucleus to the cytoplasm, where it can promote apoptosis (34). RXRα has 

also been implicated to be regulators of inflammatory pathways in T cells, macrophages, and 

dendritic cells, and shown to suppress the growth and spread of cancer cells (30, 35). However, 

the cytoplasmic functions of RXRα are not as well studied as its nuclear functions.  

1.3.2 Role in Viral Infections 

RXRα is abundantly expressed in the epidermis and other mammalian organs, such as the 

kidneys, intestines, and liver, and so, it has a lot of possible roles in skin (29, 32). RXR-LXR 
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participates in AP1 signaling in keratinocytes and has demonstrated effects on epidermal 

keratinocyte proliferation and differentiation in mice (36–38). Ablation of this receptor in 

keratinocytes results in abnormalities in cell proliferation and differentiation, and an induced 

inflammatory reaction (38, 39). It also has been shown to regulate metabolism and immune 

functions of macrophages, with a reduced expression of RXRs during HIV infections in these cells 

(40, 41). Retinoids and rexinoids have been used in various clinical settings to treat various skin 

conditions, such as acne, psoriasis, and some cancers. Isotretinoin is a drug administered for acne 

treatment, and studies have shown that there is an association between the use of this retinoid and 

HSV-1 infections, suggesting that the receptor has an impact on viral susceptibility and immunity 

(42).  

Studies are beginning to unravel the role of RXRα within viral infections. RXRα has been 

implicated in modulating inflammation and immune responses by regulating cytokine and 

chemokine expression during innate immune responses (37, 42). Within VSV infections, it has 

been shown to inhibit type I interferon production which increases host cell susceptibility and risk 

of infection (Figure 3). To summarize Figure 3, ligand activation of RXRα indirectly inhibits 

interferon production through a β-catenin pathway, which ultimately reduces antiviral gene 

expression. As RXRα expression is downregulated in viral infections, this promotes the production 

of interferons which contribute to the host’s antiviral response (Figure 3). RXRα also promotes 

proinflammatory responses by inducing chemokine gene expression in myeloid cells and recruiting 

cells to the site of inflammation (37). The role of RXRα in dengue viral infections is unknown. 

The focus of this study will be to examine RXRα within the epidermis during early dengue viral 

infections.  

 



 12 

 

Figure 3. RXRα inhibits type I interferon production 

Working model for RXRα regulating host antiviral responses. Dash line: indirect regulation. In viral infections, 

RXRα expression is downregulated, which promotes interferon production to activate expression of antiviral genes. 

Figure taken with permission from Ma, F., et al, Retinoid X receptor a attenuates host antiviral response by 

suppressing type I interferon, https://doi.org/10.1038/ncomms6494. 

1.4 Experimental Results 

By using an ex vivo human skin model, early immune and cellular responses to DENV 

infections can be investigated. Our lab utilizes this model to observe the early biology of dengue 

infections through mimicking mosquito probing and inoculation by stabbing virus into the tissue 

with a bifurcated needle. Through the quantification of immunofluorescent staining, differences in 

rates of infection, migration of macrophages to the site of infection, and infected migrated 

macrophages within infected EA and AA tissue are observed. These data show higher rates of 

infection in EA donors compared to AA donors within both the epidermis and dermis. 

https://doi.org/10.1038/ncomms6494
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Additionally, EA donors have higher rates of macrophage recruitment and infection of 

macrophages than AA donors. The production of cytokines at various time points post-infection 

details the type of immune response that is induced. Individuals of EA produce significantly more 

interleukin-1β (IL-1β), which corresponds to a more proinflammatory response in the skin. 

Alternatively, there are higher levels of interferon α (IFN-α) production in those of AA, which 

aligns more with an antiviral response. The source of these immune differences is unknown. 

An analysis of SNPs has been conducted in our lab to determine if there was a correlation 

between dengue infection and ancestry with the presence of these SNPs. Previous donor samples 

with corresponding data on infection rates and genetic ancestry analysis were genotyped for these 

SNPs. The results demonstrate that SNPs in genes such as RXRA, OAS1, 2, and 3 are significantly 

correlated with genetic ancestry and dengue infections. This suggests that the ancestry-related 

differences observed in dengue infections may have some connection with the presence of these 

SNPs. Investigation into these proteins could provide insight into the ancestry-related differences 

in response to dengue infections.  
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2.0 Specific Aims 

Studies have demonstrated a relationship between genetic ancestry and susceptibility to 

dengue infections, which shows that individuals with European ancestry (EA) have higher rates of 

infection and a more proinflammatory response to dengue than those of African ancestry (AA). 

The source of these immune differences is unknown. SNPs in innate immune genes associated 

with dengue susceptibility and genetic ancestry have been identified (25). RXRA was one of the 

genes implicated (25), and it is highly expressed in the epidermis (29). In viral infections, RXRα 

has been shown to inhibit interferon production to attenuate host anti-viral responses and promote 

proinflammatory responses (37, 42). The role of RXRα in dengue infections is unknown. These 

SNPs in RXRα may have a potential role in influencing the ancestry-related differences in immune 

responses to dengue viral infections. The purpose of this study is to examine RXRα expression in 

human skin, as well as to investigate cytokine production in response to dengue viral infections.  

2.1 Aim 1: Investigate RXRα Expression in Human Skin Following DENV Infection ex vivo 

and in vitro 

Hypothesis: In response to dengue virus infection, expression of RXRα will be high in 

tissue of European ancestry and low in tissue of African ancestry.  

Experimental Approach: Chemiluminescent western blotting will be used to detect 

RXRα protein within full-thickness and epidermal cell lysates of EA and AA. Samples will include 

a 0-hour baseline control, a 24-hour mock infection timepoint, and a 24-hour post DENV infection 
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timepoint. Quantification of western blots using ImageJ software will normalize bands with 

housekeeping protein, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and will provide 

relative protein abundance to compare RXRα expression across samples. Complementary staining 

of infected epidermal cells will quantify protein levels of RXRα by flow cytometry.  

2.2 Aim 2: Determine the Epidermal Cells Responsible for Cytokine Production in 

Response to DENV Infections in vitro 

Hypothesis: Keratinocytes will be the primary cell responsible for producing IL-1β in the 

epidermis following DENV infection.  

Experimental Approach: Staining of epidermal cells following in vitro DENV infection 

will be analyzed through flow cytometry to characterize cell populations and rates of infection 

within the epidermis. Samples will include a 24-hour mock infection timepoint and a 24-hour post 

DENV infection timepoint with donors of both EA and AA. Secreted and intracellular cytokine 

concentrations for IL-1β and IFNα will be measured using an enzyme-linked immunosorbent assay 

(ELISA) within EA mock and DENV infected samples.  
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3.0 Materials and Methods 

3.1 Skin Donors 

Human skin explants were donated by the University of Pittsburgh Medical Center 

(UPMC) from discarded tissues following elective pannilectomies and abdominoplasties. All 

donors are anonymized, and ancestry is based on patient self-identification. This is confirmed 

through genetic analysis with a panel of 128 ancestry informative markers to determine the 

proportion of biogeographical ancestry within each donor. Skin donor (SD) nomenclature is as 

follows: identification number/ year of collection/ ancestry (European ancestry – EA, African 

ancestry – AA).  

3.2 Skin Processing 

Subcutaneous fat was trimmed off the tissue using sterile forceps and scissors, taking along 

with it a thin layer of the dermis. The remaining tissue was rinsed with 1X PBS and cut into smaller 

strips. Following trimming, the skin can either be processed the same or the next day, depending 

on the time that the tissue was received. If processing the following day, the tissue was left floating 

on skin media (Table 2) overnight with the epidermal layer facing up and dry. To begin processing, 

the tissue was pinned down by needles, with the epidermal surface dry and facing upward. A 

Goulian skin graft knife (Medline) with a fresh razor blade was used to remove slices of split-

thickness skin. These sections were cut into squares and incubated at 37°C in 1.0 mL of 1:10 
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dispase (Sigma Aldrich) in PBS in a 24-well plate for 1 hour. After incubation, the epidermal 

layers were separated from the dermal layers using two sterile forceps.  

3.3 Epidermal Cell Suspensions 

10.0 mL of trypsin was placed in a 37°C water bath while layers of the skin were separated 

during skin processing. Once all the epidermal sheets were collected, they were added to the pre-

warmed 10.0 mL of trypsin and incubated in the 37°C water bath for 6 minutes. Following 

incubation, the epidermal sheets were homogenized in trypsin 25-50 times with a serological 

pipette. 10.0 mL of skin media was added to neutralize the trypsin, and the suspension was filtered 

through a 100 µM cell strainer (Corning) and centrifuged at 500 g for 10 minutes at 4°C. The 

supernatant was decanted, and the cell pellet was resuspended in 20.0 mL of skin media. Epidermal 

cells were counted and aliquoted based on future experiments.  

3.4 DENV Infection 

Fresh epidermal cell suspensions were infected with DENV-2 (strain 16681) at a 

multiplicity of infection (MOI) of 2 for 24 hours. Mock experimental samples were resuspended 

in skin media in place of virus. Once virus was added, mock and infected suspensions were 

incubated at 37°C for 2 hours in 15 mL conical tubes, mixing every 30 minutes to prevent cells 

from settling at the bottom. After 2 hours, the total volume of each suspension was transferred to 

separate wells on a 24-well, low-binding affinity plate (Corning) and topped with skin media. The 



 18 

plate was incubated for 22 hours at 37°C. At the 24-hour timepoint, the suspensions were collected 

from the plate and centrifuged at 500 g for 5 minutes at 4°C. The supernatant was collected and 

frozen at -80°C for ELISAs, and cells were collected for flow cytometry or lysates. 

 

Figure 4. Schematic of tissue processing, cell suspension, and infection protocol 

Image created with BioRender.com. 

3.5 Cell Lysates 

Cells were collected and centrifuged into a pellet at 500 g for 5 minutes at 4°C. The 

resulting supernatant was removed, and the cells were resuspended in 200.0 µL of RIPA buffer 

(Table 2) and 2.0 µL of protease inhibitor (ThermoScientific). The solution was incubated on ice 

for 2 hours, with a brief vortex every 30 minutes. After complete incubation, the cells were 

vortexed four times for 10 seconds, incubating on ice in between each vortex. Lysed cells were 

centrifuged at 24,000 g for 15 minutes at 4°C, and the supernatant was collected and frozen down 

for later use.  
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3.6 Western Blots 

Lysates were diluted in a solution of RIPA buffer and protease inhibitor at a 1:4 dilution. 

25 µL of prediluted BCA standards (Cat #23208, ThermoScientific) and lysates were added to a 

96-well plate (Costar), after which 200 µL of 50:1 BCA Reagent A (Cat #23228, 

ThermoScientific) and BSA Reagent B (Cat #23224, ThermoScientific) was pipetted into each 

well. Plates were rocked for 30 seconds and incubated at 37°C for 30 minutes. Optical density was 

determined at the wavelength 562 nm by using a SpectraMax Plus 384 microplate 

spectrophotometer with the SoftMax Pro software version 6.4 (Molecular Devices). Protein 

concentrations were calculated using a simple linear regression analysis in GraphPad Prism 

10.2.2.  

Preparation of samples were created with cell lysates, Novex 4X Bolt LDS sample buffer 

(Cat #B0007, ThermoFisher), Novex 10X Bolt sample reducing agent (Cat #B0009, 

ThermoFisher), and PBS. Samples were spun and heated at 70°C for 10 minutes. While heating, a 

Bolt 4-12% Bis-Tris Plus 15 well gel was placed into an Invitrogen Bolt mini gel tank 

(ThermoFisher), and the gel chamber was filled with MES Running buffer (Table 2). Wells in the 

gel were rinsed with running buffer before loading with 25 µL of samples and 10 µL of Novex 

SeeBlue Plus2 Prestained Protein Standard (ThermoFisher) per well. Gels were run for 20 minutes 

at 200V using a PowerPac Universal power supply. After the proteins migrated down the gel, they 

were transferred to a nitrocellulose membrane by running for 2 hours at 10V in a Bolt transfer 

module within the gel tank filled with transfer buffer (Table 2). Once the transfer was complete, 

the membrane was blocked with 5.0% milk in 0.05% TBS-T (Table 2) for 1 hour, rocking. 

Following blocking, the membrane was incubated with GAPDH (Proteintech) and RXRα 

(Proteintech) primary antibodies at a 1:10,000 dilution in 5.0% milk in TBS-T overnight while 
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rocking at 4°C. The next day, the membrane was rinsed 3 times for 5 minutes each with 0.05% 

TBS-T before incubating with secondary antibodies for 1 hour, rocking. Secondary antibodies 

included a goat anti-mouse IgG antibody (ThermoFisher)at a 1:200,000 dilution in 0.05% TBS-T 

and a goat anti-rabbit IgG antibody (ThermoFisher) at a 1:100,000 dilution in 0.05% TBS-T to 

detect GAPDH and RXRα primary antibodies, respectively. After incubation, the membrane was 

rinsed 3 times for 5 minutes each with 0.05% TBS-T before being placed in 500 µL of both 

SuperSignal West Pico Plus Stable Peroxide and Luminol/Enhancer (ThermoScientific) for a 5-

minute incubation.  

Once the membrane has been exposed to chemiluminescent substrates, it was developed 

using an Amersham 600 Imager. Images were analyzed in ImageJ software to obtain pixel density 

of protein bands and their respective background. Using Excel, the pixel density of bands and 

background (X) were inverted using the formula 255 - X. With inverted values, the net value of 

each band was calculated by subtracting the inverted background from the inverted band value 

(i.e. net value = band – background). Relative quantification of RXRα was calculated by taking 

the ratio of the protein of interest by the loading control (net value of RXRα/net value of GAPDH).  

3.7 Flow Cytometry Staining 

Cells were added to a 96-well, v-bottom plate (Costar) and centrifuged twice with 200 µL 

of MACs buffer (Table 2) at 2,000 rpm for 5 minutes at 4°C. 100 µL of diluted Live/Dead viability 

stain (Table 1) and 5 µL of Fc block (BD Biosciences) was added per well and incubated in the 

dark at 4°C for 15 minutes. Cells were washed twice again with MACs buffer, and then fixed and 

permeabilized by incubating in 100 µL of BD Cytofix/Cytoperm (BD Biosciences) for 20 minutes 
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in the dark at room temperature. After incubation, the cells were washed with BD Perm/Wash 

(P/W) (BD Biosciences) twice and resuspended in primary DENV antibody (Table 1) overnight in 

the dark at 4°C for around 16-18 hours.  

The following morning, the cells were washed 3 times in P/W and once in MACs buffer. 

Cells were resuspended in 200 µL of MACs buffer and incubated at 4°C until ready to stain later 

in the day; this was to prevent cells from incubating in secondary antibody for over 24 hours. To 

resume staining, the plate was centrifuged at 2,000 rpm for 5 minutes at 4°C. Cells were 

resuspended in 200 µL of P/W and incubated at room temperature for 15 minutes. Once the cells 

had re-permeabilized, the plate was centrifuged at 2,000 rpm for 5 minutes at 4°C and resuspended 

in goat anti-mouse IgG2a secondary antibody, CD45, HLADR, CD1a, RXRα, and AE1/AE3 

antibodies (Table 1) overnight in the dark at 4°C for around 16-18 hours. The next morning, the 

cells were washed 3 times in P/W and twice in MACs buffer. Following the last centrifugation, 

cells were resuspended in 200 µL of MACs buffer in FACs tubes (Corning) and stored at 4°C until 

ready to analyze. Samples were acquired on a BD FACSymphony A5 SE cytometer using BD 

FACSDiva Software and analyzed on FlowJo 10.10.0. 
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Table 1. Antibodies Used in Staining for Flow Cytometry 

Fluorophore Antigen Conc./Dilution Catalog # Manufacturer 

Yellow LIVE/DEAD fixable 
yellow dead cell stain 

1:200 L34968 ThermoFisher Scientific 

R718 CD45 0.0002 µg/well 566962 BD Biosciences 
AF488 AE1/AE3 0.5 µg/well 53-9003-82 ThermoFisher Scientific 

RB780 HLADR 0.0002 µg/well 755886 BD Biosciences 
BV421 CD1a 0.00005 µgwell 563939 BD Biosciences 

N/A anti-dengue virus 
complex 

0.01 µg/well MAB8705 Millipore Sigma 

PE Gt α-Ms IgG2a 0.15 µg/well 31863 ThermoFisher Scientific 

AF594 RXRα 0.0002 µg/well sc-515929 Santa Cruz Biotechnology 

3.8 ELISAs 

 Human IL-1beta/IL-1F2 (Cat# DY201) and Human IFN-alpha 2/IFNA2 (Cat# DY9345-

05) DuoSet ELISA kits from R&D Systems were utilized. High-binding, half-area, 96-well plates 

(Corning) were coated with 50 µL of the working concentration of capture antibody in PBS and 

incubated overnight at room temperature. The following day, the plates were washed 3 times using 

a washing buffer consisting of 0.05% Tween 20 in PBS and were subsequently blocked with 150 

µL of reagent diluent (1% BSA in PBS). After incubation at room temperature for 1 hour, the 

plates were washed and 50 µL of standards and undiluted samples were pipetted in duplicates. 50 

µL of reagent diluent was added as a negative control. The plates were then incubated for 2 hours. 

Following additional washes, 100 µL of the working concentration of detection antibody was 

added to each well and incubated at room temperature for another 2 hours. Once the incubation 

was completed, the plates were washed and 100 µL of the working dilution of streptavidin-HRP 
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was added per well. The plates were incubated for 20 minutes at room temperature and were 

subsequently washed for a final time. 100 µL of TMB substrate (KPL SureBlue) was added to 

each well before incubating the plate for 20 minutes at room temperature. After the final 

incubation, 50 µL of 1N hydrochloric acid (HCl, Sigma) was pipetted per well. Optical densities 

were determined at the wavelengths 450 and 570 nm by using a SpectraMax Plus 384 microplate 

spectrophotometer with the SoftMax Pro software version 6.4 (Molecular Devices). Protein 

concentrations were interpolated from the standard curve generated with a four-parameter logistic 

(4-PL) non-linear regression curve in GraphPad 10.2.3. 

 

 

Figure 5. Schematic of experiments conducted with infected cells 

Image created with BioRender.com. 
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Table 2. Buffer and Media Recipes 

Buffer Recipe 

Skin media RPMI (Invitrogen), 10% FBS (Atlanta 
Biological), 1% penicillin/streptomycin 

(Invitrogen), 1% L-glutamine (Invitrogen), 
10mM HEPES (Invitrogen), 1% non-essential 

amino acids (Invitrogen), and 1% sodium 
pyruvate (Invitrogen) 

RIPA buffer 10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 1% 
Triton X-100, 0.1% sodium deoxycholate, 

140 mM NaCl 
MES Running buffer 50 mL 20X Bolt MES SDS (ThermoFisher), 

950 mL MilliQ water 
Transfer buffer 50 mL 20X Transfer buffer (ThermoFisher), 

100 mL MeOH, 850 mL MilliQ water 
0.05% TST-T 500 µL of Tween20 (Fisher BioReagents), 50 

mL of 20X TBS (ThermoScientific), 949.5 
mL MilliQ water 

MACs buffer 420 mL 1X PBS, 5 mL 1M HEPES, 25 mL 
0.1M EDTA, 50 mL 5% BSA in 1X PBS, and 

150 µL 5M NaOH 
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4.0 Results 

4.1 Aim 1: Investigate RXRα Expression in Human Skin Following DENV Infection ex vivo 

and in vitro 

To reiterate, expression of RXRα is expected to be high in European ancestry (EA) donors, 

as it would inhibit interferon production and the antiviral immune response (42). This would 

additionally promote inflammation through increased chemokine expression, and increase 

susceptibility to disease (37). Alternatively, low expression of RXRα is predicted in donors of AA, 

allowing an unrestricted antiviral response through interferon production, which would explain the 

reduced susceptibility of infection within these individuals (Figure 6). 

 

 

Figure 6. Schematic of Aim 1 hypothesis 

Image created with BioRender.com. 
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4.1.1 RXRα Expression is Higher in European Ancestry than African Ancestry in Full-

Thickness Cell Lysates 

Using lysates created from full-thickness tissue, RXRα was detected at 51kDa in both EA 

and AA samples. The blot was stripped to remove previous antibodies and stained again for β-

actin, which was detected at 42kDa. In the western blot, there appears to be consistently high 

expression of RXRα across 0-hour and 24-hour mock and infected samples in the EA donor. 

Alternatively in AA samples, there appears to be high expression of RXRα at 0-hr, but protein 

levels decreased following mock and DENV infection (Figure 7A). For a more quantitative 

analysis, the blot was analyzed using ImageJ to determine the relative protein expression of RXRα 

within each condition. Relative protein expression is conveyed as a ratio of RXRα to β-actin within 

the same lane. In the EA donor, there were relatively high levels of RXRα that slightly decreased 

between each timepoint. However, in the AA donor, there was relatively less RXRα in each 

timepoint compared to its EA counterpart. In AA tissue, RXRα was expressed the highest at 0-

hours, but decreased after 24-hours mock infection and even more 24-hours post-DENV infection 

(Figure 7B). This data suggests that RXRα expression was unaffected by dengue infection in tissue 

of EA, whereas there was a drop of RXRα in donors of AA in response to DENV infection.  
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Figure 7. Detection and quantification of RXRα in full-thickness cell lysates 

RXRα and β-actin detected in a western blot developed by Michelle Martí (A) and relative RXRα protein expression 

(B) at 0-hr, 24-hr mock, and 24-hr DENV infected timepoints in lysates of European and African ancestry. 

4.1.2 Optimization of Western Blot Protocol 

Since β-actin and RXRα were close in molecular weights (42kDa and 51kDa, respectively), 

they could not be detected simultaneously on the same blot. This required staining and detecting 

one protein before removing those antibodies with a stripping buffer, then re-staining the same 

blot with antibodies for the other protein. By stripping the membrane, there is a chance that some 

protein will be lost in the process, which can alter the detection of consecutive staining on the same 

membrane. To optimize this process, a housekeeping protein of a lower molecular weight was 

identified and stained in tandem with RXRα for simultaneous detection. All subsequent western 

blots used GAPDH for the loading control.  

To improve the image quality of western blots, a change was made to the imaging process. 

The previous western (Figure 7A) was obtained using a film developer, a machine that frequently 
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required maintenance. Membranes were exposed to film and imaged using the developer in a dark 

room. As an alternative detection option, an Amersham 600 Imager was used to digitally detect 

proteins on a membrane. This proved to be a more efficient and effective method as it was a more 

sensitive machine that was easy-to-use, provided high resolution images, and had quantitative 

analysis capabilities. As a result, it was used for all prospective western blots.  

BCA protein assays were used to measure protein concentrations within samples before 

they were added to a polyacrylamide gel for electrophoresis to ensure the same amount of protein 

was loaded into every well. Despite this assay, the expression of the GAPDH loading control 

varied between lanes (Figure 8A). This was a problem, as the loading control for westerns are 

supposed to be consistently equal across wells to not only confirm equal loading and transferring 

of samples, but to also compare signals of the protein of interest across wells. As a solution, 

densitometry analysis was used to normalize GAPDH expression within a western blot. For this, 

a membrane of samples would be stained for just GAPDH and following imaging, would be 

analyzed using ImageJ. The densitometry of each band was measured and normalized to a well 

with good protein expression. A new western blot was loaded with the same samples but using the 

normalized values instead, and this time were stained for both RXRα and GAPDH. The images 

from the normalized westerns show more equal expression of the loading control between each 

well (Figure 8B). This adjustment improved the quality of future western blots. 
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Figure 8. Normalization of GAPDH expression in western blots 

Western blots before (A) and after (B) densitometry analysis to normalize the loading control, GAPDH, 

across samples. 

4.1.3 RXRα is Detected and Quantified within Epidermal Cell Lysates 

The full-thickness tissue in the previous western showed RXRα expression in lysates with 

epidermal and dermal cells combined (Figure 7). To get a better understanding of RXRα solely 

within the epidermis, lysates were made from epidermal cells that were infected in suspension. 

RXRα was simultaneously detected at 51kDa with GAPDH at 36kDa in lysates of both EA and 

AA (Figure 9). Based on the western blot images, the expression of RXRα varied. In SD11 and 

SD12, both donors of EA, RXRα expression appears to remain constant across all timepoints. 

However, another EA donor, SD13 appears to show lower RXRα expression in response to DENV 
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infection. Meanwhile, RXRα expression in AA donors appear to decrease in response to DENV 

infection (Figure 9).  

 

 

Figure 9. Detection of RXRα in epidermal cell lysates 

RXRα and GAPDH detected in 0-hour, 24-hour mock, and 24-hr DENV infected timepoints in epidermal 

cell lysates of European and African ancestry. 

 

Densitometry analysis was required for quantitative comparison among timepoints and 

donors in Figure 9, as well as to receive a better understanding of the change of RXRα expression 

in each sample. The relative protein expression of RXRα showed that unlike the results found in 

Figure 7, EA and AA donors showed similar expression of RXRα across timepoints (Figure 10). 

There is a decrease in RXRα after 24 hours, but there is no difference between mock and infected 

samples (Figure 10).  
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Figure 10. Quantification of RXRα in epidermal cell lysates 

RXRα relative protein expression at 0-hour, 24-hour mock, and 24-hour DENV infected timepoints in lysates of 

European and African ancestry. Relative protein expression is a ratio of RXRα/GAPDH pixel density. Each dot 

represents a different donor. 

4.1.4 Using Flow Cytometry to Detect RXRα in Epidermal Cells 

Given the difficulties with the previous western blots, flow cytometry was used as an 

additional method to detect RXRα within epidermal cells. A RXRα antibody was added to a 

preexisting, functional antibody panel that included a stain for dead cells, epidermal cell markers, 

and an anti-dengue viral complex antibody. Mock and DENV infected cells were stained with this 

panel, and this experiment included a control that contained no antibodies (unstained) and a control 

stained with every antibody except RXRα (RXRα-). Analysis of mock and DENV+ cells showed 

small, distinct populations of RXRα (Figure 11). However, it is important to examine the control 

samples to ensure these are true populations. While the unstained control did not show any RXRα 
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population, there was an artifact in the RXRα- control (Figure 11). Therefore, this demonstrates 

the RXRα population in the mock and infected samples was false. 

 

 

Figure 11. Artifact in RXRα populations with flow cytometry 

Layout of epidermal cells stained for RXRα. Events are graphed for an unstained control, a control sample without 

any RXRα antibody (RXRα-), mock, and infected cells. 

 

Changes in the experiment’s design were made to remove the artifact from the population 

of RXRα. The lasers used to detect the antibodies for DENV and RXRα were noted to be close 

together, and potential fluorescence spillover from DENV infection was thought to be the cause 

of the artifact in the RXRα- control. To troubleshoot this, RXRα was stained and analyzed in a 

separate panel from the DENV antibody. By doing this, the RXRα- control no longer shows a 
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positive RXRα population (Figure 12A). However, this significantly decreased the amount of 

RXRα detected in both mock and infected samples (Figure 12A). An average of 1.01% and 1.07% 

of live cells expressed RXRα in mock and DENV infected EA donors, while 0.39% and 0.54% of 

live cells in mock and DENV infected AA donors expressed RXRα (Figure 12B). Additional 

donors are required to further analysis.  

 

 

Figure 12. RXRα staining for flow cytometry 

Layout of epidermal cells stained for RXRα. Events are graphed for an unstained control, a control sample without 

any RXRα antibody (RXRα-), mock, and infected cells (A). Percentage of live cells expressing RXRα in mock and 

DENV infected epidermal cells (n = 3) (B). 
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4.2 Aim 2: Determine the Epidermal Cells Responsible for Cytokine Production in 

Response to DENV Infections in vitro 

4.2.1 Keratinocytes are the Most Abundant Cell Type in the Epidermis 

To investigate cell populations within the epidermis, cells were identified with flow 

cytometry staining by using the following strategy (Figure13). Events were gated by forward 

scatter area (FSC-A) and forward scatter height (FSC-H) to exclude doublets. Live cells were 

selected from single cells by gating with V576 and FSC-H. Hematopoietic (CD45+) and non-

hematopoietic (CD45-) cells were gated from live cells on a CD45 R718 and FSC-H plot. From 

the determined CD45- population, keratinocytes were gated on an AE1/AE3 AF488 and FSC-H 

plot. From the CD45+ gated cells, antigen-presenting cells were selected by HLADR expression 

on a HLADR RB780 and FSC-H plot. Langerhans cells were selected from HLADR+ cells on a 

CD1a BV421 and FSC-H plot. Dengue infection was gated from live cells with a YG585 and FSC-

H plot.  
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Figure 13. Gating strategy for infected epidermal flow cytometry panel 

 

Following the 24-hour timepoint, mock and DENV infected cells were collected and 

stained for a panel of epidermal cell markers and anti-dengue virus complex antibody. Of the total 

number of cells analyzed per condition, the average mock infected sample had 60.6% living cells 

while an average of 65.9% of cells in DENV infected samples were alive (Figure 14A). This 

indicates that these samples were relatively viable following tissue processing and infection. Of 

all of the live cells within each sample, an average of 81.87% of cells were keratinocytes and 

1.22% were Langerhans cells (Figure 14B). This was as expected, as literature states that 
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keratinocytes are the most abundant cell type within the epidermis (sources). Additional donors 

are required to further analysis.  

 

 

Figure 14. Epidermal cell viability and characterization 

The viability of epidermal cells is shown as a percentage of total cells for each donor (A) and distribution of cell 

types within the epidermis include keratinocytes (AE1/AE3+) and Langerhans (HLADR+ CD1a+) cells (B). 

4.2.2 DENV Infection is Greater in European Ancestry Donors 

Staining showed that while both EA and AA donors became infected with DENV, there 

were higher rates of infection in the epidermis of EA donors than AA. EA donors had an infection 

average of 6.11% in live cells, while only 2.53% of live cells were infected in AA samples (Figure 

15A). Infected cells were gated for cell markers AE1/AE3 and HLADR to define the cell types 

that make up the infected population. In both EA and AA samples, keratinocytes (AE1/AE3+) 
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were the majority of DENV infected cells (Figure 15B), with a smaller portion of infected cells 

characterized as antigen-presenting cells (HLADR+) (Figure 15C). In EA donors, around 95.25% 

of infected cells were keratinocytes while the AA donor had 82.6% keratinocytes. Alternatively, 

6.2% of infected cells in the AA donor were antigen-presenting cells, while only 3.1% were 

antigen-presenting cells in EA donors. Additional donors are required for further analysis.  

 

 

Figure 15. Overall DENV infection rate and infected cell populations 

Total DENV infection in the epidermis (A) and percentage of infected cells that are keratinocytes (B) and antigen-

presenting cells (C) within European ancestry (EA) and African ancestry (AA) samples (n = 3). 

4.2.3 IL-1β and IFN-α Assays are Reproducible 

The reproducibility of enzyme-linked immunosorbent assays (ELISAs) is crucial to 

demonstrate the precision and reliability of the assay. This allows for data comparison across 

different plates and experiments over time, and indicates that there is consistency in pipetting, 

dilution of reagents, and washing techniques. Each line represents a standard curve from an 

experiment conducted on a different date. Overlay of the standard curves for IL-1β (Figure 
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16A) and IFN-α (Figure 16B) ELISAs show to be consistent across experiments. This 

demonstrates the reliability and validity of the IL-1β and IFN-α assays and the data that is collected 

from them.  

 

 

Figure 16. Standard curves demonstrate precision of ELISA kits 

Reproducibility of standard curves of IL-1β (A) and IFNα (B) ELISAs from various experiments throughout April 

and May. The transformed protein concentration (pg/mL) is shown on the x-axis as log(protein concentration) while 

optical density is graphed on the y-axis. 

4.2.4 Secreted IL-1β and IFN-α Concentrations are not Detectable 

ELISAs for both IL-1β and IFN-α were performed on cellular supernatants to measure the 

concentration of cytokines secreted from cells. The initial assays included supernatants collected 

from 1.5x106 mock and DENV infected cells in a volume of 1.0 mL of media. The optical densities 

of these samples fell below the lowest concentration on the standard curve, and therefore could 

not be interpolated. Thinking more cells would produce more cytokines, another assay was run 

with supernatants collected from 2.0-2.5x106 cells in a volume of 1.0 mL of media (samples 

belonging to Michelle Martí). This did not serve as a solution, since the optical densities of these 
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samples fell outside the standard curve as well. In a final attempt to increase the concentration of 

cytokines within each sample, 4.0x106 cells were infected and incubated in 500 µL of media. 24 

hours post infection, the supernatants were collected and run on an assay. This increased the 

sample concentration but not enough to fit within the standard curve.  

4.2.5 Intracellular IL-1β and IFN-α Concentrations are Unchanged by Dengue Infections 

Since cytokine concentration was not detected within in cell supernatants, cell lysates were 

analyzed to determine if there were any intracellular cytokines that had not been secreted. Three 

donors of EA were used to compare cytokine production between 1.5-2.0x106 mock and DENV 

infected cells. Assays for both IL-1β and IFN-α were run on these samples and their optical 

densities fell within the standard curve. Cytokine concentrations were interpolated and are shown 

in Figure 17, with each dot denoting a different donor. While measurable, IL-1β and IFN-α 

concentrations remained relatively constant between mock and infected lysates in two donors 

(Figure 17), suggesting that dengue infection does not have an impact on intracellular cytokine 

production. However, in the third donor, it had an observed increase of IL-1β and decrease of IFNα 

in DENV infected samples. 
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Figure 17. Intracellular IL-1β and IFNα protein concentrations 

The measured concentration intracellular IL-1β (A) and IFNα (B) in mock and infected cell lysates from donors of 

European ancestry (EA) (n = 3). Concentration was determined by ELISA. 
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5.0 Discussion 

RXRα is a nuclear receptor that is ubiquitously expressed in the epidermis, and it primarily 

functions as a transcription factor to regulate various biological pathways. In viral infections, 

RXRα has been implicated in having a role in attenuating antiviral immune responses through 

inhibiting interferon production, as well as inducing proinflammatory responses through the 

mediation of chemokine expression (37, 42). Studies have demonstrated an association between 

SNPs of this gene with genetic ancestry and dengue severity (25). The correlation of SNPs in 

RXRA with ancestry could potentially influence the ancestry-related differences in immune 

responses to dengue infections. The role of RXRα within dengue viral infections is unknown.  

The focus of Aim 1 was to investigate the expression of RXRα in human skin in response 

to dengue viral infection. Chemiluminescent western blotting was utilized to detect the protein in 

full-thickness and epidermal tissues. In full-thickness tissue, RXRα was detected at the correct 

molecular weight in both EA and AA samples. Densitometry analysis of the western demonstrated 

that the expression of RXRα remained relatively high in EA donors before and after DENV 

infection. However, in AA donors, there was a decrease in RXRα in response to DENV infection. 

This supports the hypothesis that there is higher expression of RXRα in EA tissue and lower 

expression within AA tissue in response to DENV infections, which could potentially explain the 

ancestry-related differences in immune responses. With high expression of RXRα in EA donors, 

interferon production will be inhibited and thus suppressing antiviral immune responses which 

correlates with increased susceptibility to viral infections and proinflammatory chemokine 

production in these donors. Alternatively with low RXRα expression, interferon production is not 

restricted and is allowed to produce a strong antiviral response, as demonstrated in donors of AA.  
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Western blots with epidermal cell lysates did not reproduce the same conclusions as those 

from full-thickness tissue. Quantification of these membranes showed no difference in RXRα 

expression between EA and AA donors across all infection timepoints, which contradicts the 

hypothesis of the aim. The differences between protein expression in the western blots could 

potentially be due to RXRα expression within the dermis layer of full-thickness tissue that is not 

accounted for within the epidermal samples. Western blots on dermal cell lysates should be 

conducted to examine RXRα within this skin layer. Antibody staining for flow cytometry was 

additionally used to try to measure RXRα within epidermal cells, but very little protein was 

detected by this methodology. Comparing results of western blots and flow cytometry between 

donors demonstrates inconsistencies of protein expression. Further optimization of the antibody 

panel used for flow cytometry is required for better detection of RXRα. 

One of the optimizations made to the western blot protocol involved normalizing 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) protein expression between samples. This 

was to resolve issues with the loading control, as there was inconsistent protein expression across 

wells. GAPDH was chosen as a loading control as it is a housekeeping protein involved in 

glycolysis and should be abundantly expressed within all cells, and it has a lower molecular weight 

than RXRα that allows simultaneous detection on western blots. A possible explanation for the 

inconsistencies in GAPDH expression is that the glycolysis pathway is affected by several viral 

glycoproteins during dengue infections (43, 44), including a decrease in glycolytic activity during 

DENV-2 infections (45). To further investigate RXRα using western blots, a different 

housekeeping protein should be used as a loading control to affirm the results within Aim 1. 

Vinculin would be a possible protein, as it has a higher molecular weight than RXRα. 
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The purpose of Aim 2 was to examine cytokine producing cells within the epidermis during 

dengue infection. Using flow cytometry, keratinocytes were identified as the most prevalent cell 

type within the epidermis, as commonly discussed in literature (13, 14), with a smaller subset of 

cells identified as Langerhans cells. EA donors show higher infection rates than donors of AA, 

which is consistent with the lab’s prior immunofluorescence data. Keratinocytes make up the 

majority of infected cells within the epidermis, with some infection in antigen-presenting cells as 

well. This reinforces that keratinocytes are the earliest and most common targets of viral infection, 

as they are highly susceptible to DENV (13, 14). Other members in the lab have conducted similar 

experiments with greater statistical power and they have observed similar trends in their data. 

Despite the lack of statistical power in my experiments, this suggests that my results are true. More 

donors are required to provide statistical significance of these results. 

Cytokine production in epidermal cells 24-hours post DENV infection were examined with 

enzyme-linked immunosorbent assays (ELISAs). Secreted interleukin-1β (IL-1β) and interferon-

α (IFNα) could not be measured in either mock or DENV infected cell supernatants. A possible 

explanation for this would be that the supernatants were too diluted and required further 

concentration for detection on the assays. Attempts were made to increase cytokine concentration 

within the supernatants, but none were successful. IL-1β and IFNα concentrations were detected 

and measured in epidermal cell lysates, however, giving insight into the accumulation of 

intracellular cytokines. Following 24-hours post-infection, there were no differences in cytokine 

concentrations of mock and infected cells in both IL-1β and IFNα assays. Cytokines are proteins 

produced to influence nearby immune cells to mediate inflammatory and antiviral mechanisms in 

the case of IL-1β and IFNα, respectively. As part of the innate immune response, cytokines are 

produced hours after infection. One study showed a significant increase in IFNα production as 
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soon as 2-hours post DENV infection in human skin but returned to baseline levels around 12-

hours post infection (13). The 24-hour timepoint may be too long after infection to detect any 

differences in cytokine concentrations between mock and infected samples, however, earlier 

timepoints may provide a more comprehensive insight on cytokine production within cells.  

Results from this study were limited by access and availability of tissue donors, as the 

majority of experiments only included data from three donors (n = 3). Tissues are received on a 

random basis, and experiments rely on the hospital’s surgery schedule. Tissue availability is 

impacted by cancellation of surgeries, the size of tissue removed/collected, and requests of tissue 

from other collaborating laboratories. Surgeries involving AA donors are less common than EA 

donors, so these tissues are received on a more infrequent basis. A lot of optimizations were 

involved in this project for all experiments, and this required a significant amount of time to 

complete. Once the methodologies were optimized and capable of producing reliable results, there 

was not enough time to compile data from a significant number of donors. Consequently, more 

donors will be required to support the findings within this study. 

Knowledge regarding the role of RXRα in dengue viral infections remains incomplete. 

Additionally, Aim 2 remains an open question that will require further investigation to answer, as 

the epidermal cell types responsible for producing IL-1β and IFNα in dengue infections was not 

elucidated by this project. This project should be continued in the future, as it could provide 

beneficial insight on what drives ancestry-related differences in dengue viral infections. RXRα 

may play a role in the relationship between genetic ancestry and severe dengue, but without further 

research, this will remain unknown. 

In conclusion, the majority of people in the world live within areas at risk of dengue 

infections (3), and there are several host factors that leave some individuals more vulnerable and 
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susceptible to disease than others. Ancestry has been implicated as a potential risk factor for severe 

dengue, suggesting that individuals of African ancestry have conferred protection while those of 

European ancestry are more susceptible to infection. Preliminary data from our lab’s ex vivo human 

skin model begins to describe ancestry-related differences in the early innate immune response to 

dengue viral infections. By understanding genetic and immunological influences on viral 

pathogenesis, we can better comprehend the host response to viral infections and begin to explain 

why certain populations are more susceptible to disease. If we can understand what protects 

individuals of African ancestry from severe dengue, we could potentially develop interventions 

that can protect more susceptible biogeographical populations in the world. This would allow for 

more effective and targeted approaches that would ultimately improve patient health outcomes, 

prevent the spread of disease, and reduce the risk of infection within vulnerable communities. 
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6.0 Future Directions 

Many questions remain following this project, which can be addressed by future studies. 

Some experiments that could improve upon the results from this project includes:  

1. Detect RXRα expression in dermal cell lysates using chemiluminescent western blots. 

2. Repeat the same flow cytometry experiments in Aim 1 with more donors to add statistical 

power to current results. 

3. Optimize the panel of antibodies for flow cytometry in Aim 1 to identify RXRα expression 

and which cells are responsible for producing the protein.  

3. Repeat the same flow cytometry experiments in Aim 2 with more donors to add statistical 

power to current results.  

4. Incorporate intracellular cytokine staining to the flow cytometry panel used in Aim 2 to 

examine which cells are responsible for cytokine production.  

5. Repeat ELISAs using cellular lysates from more donors to add statistical power to current 

results. 

6. Measure the concentrations of IL-1β and IFNα at earlier timepoints (ex. 0-hours, 3-hours, 

6-hours, and 12-hours post DENV infection) in mock and infected epidermal cell lysates 

and supernatants.  

Using the lab’s human skin model, the early immune response to dengue viral infections 

can be studied. This model provides opportunities to explore viral pathogenesis and the production 

of the immune response to dengue. By implementing these future directions, the shortcomings of 

this project can be addressed and provide further insights to potentially explain the ancestry-related 

differences in immune responses to dengue infection.  
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7.0 Public Health Significance 

Dengue is the most prevalent arboviral infection in the world. It is endemic in over 100 

countries, and more than half of the world’s population live at risk for infection with up to 

400 million infections per year (3). Around 100 million of these infections develop symptoms, 

which are usually mild, febrile illnesses (3). Severe dengue is more likely to develop from 

secondary infections with more severe health complications that can ultimately be fatal (46). 

Currently, there are no antiviral drugs available for these infections and the only treatment options 

include medication to alleviate pain and supportive care for extreme complications due to severe 

dengue (47). There are two vaccines undergoing late-stage development (QDenga and T003/T005) 

and one that is currently licensed (Dengvaxia) (47, 48). However, Dengvaxia has been shown to 

put seronegative recipients at higher risk of developing severe dengue in subsequent infections 

(48). By studying the immune response to viral infections and understanding viral pathogenesis, 

therapeutic developments can be made to mitigate the impact dengue has on global health. These 

studies would provide a better understanding of host-viral interactions that can identify anti-viral 

drug targets and help improve vaccine safety, effectiveness, and development. 
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