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ABSTRACT OF THE THESIS 

A Model on Dendritic Cell Infection by Flaviviruses 

by 

Joan Miquel Valls Cuevas 

Master of Science in Biology 

University of California San Diego, 2020 

Professor Matthew Daugherty, Chair 

Professor Stephen Hedrick, Co-Chair 

With an estimated 3.9 billion people at risk of dengue fever, dengue is a major disease 

threat. Other flaviviruses such as Yellow fever virus (YFV), Japanese encephalitis virus (JEV), 

Zika virus (ZIKV), West Nile virus (WNV) amongst others, also have a significant burden of 

disease. For this reason, a model was built that optimizes viral infection in dendritic cells (DCs). 

DCs are the link between the innate and adaptive immunity and flaviviruses such as DENV, ZIKV 

YFV, JEV are capable of infecting DCs. Therefore, identifying mechanisms that mediate infection 

is important to understanding disease progression. We cell sorted populations of infected and 



 xv 

bystander cells and collected RNA of DCs of all these populations. RNA-sequencing (RNA-seq) 

results indicated that despite similarities in the genome of ZIKV and DENV, they upregulated 

different pathways. ZIKV upregulated lipid metabolism and DENV upregulated inflammatory 

pathways when compared against mock. Infection models were similarly created with YFV and 

JEV vaccine strains. Our infection model, when coupled to a cell sort method provides a powerful 

method for identifying pro- or anti-viral mechanism from pure infected and uninfected populations. 
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INTRODUCTION 

 

Over half of the world’s population is at risk of flavivirus infection and only two vaccines 

(YFV and JEV) have been shown to be highly immunogenic. Many of the countries affected by 

flaviviruses lack the health infrastructure necessary to provide advanced support. While a majority 

of flavivirus infections can be asymptomatic, infections with symptoms can lead to long-term health 

issues or death. To reduce the unequal burden of disease, the flavivirus field needs additional 

knowledge to develop anti-virals and vaccines for other flaviviruses. Studying DCs, one of the first 

lines of defense and one of the first targets of flavivirus infection, may elucidate how flaviviruses 

hijack the host machinery to successfully infect humans. 

 

a. Flaviviruses 

  

Flaviviruses evolved from a common ancestor 10 000-20 000 years ago and since then there 

are many types of flaviviruses that exist (1). For example, flaviviruses can be single or dual host 

restricted. Single host restricted flaviviruses are restricted to vertebrates and arthropods. In 

vertebrates these viruses are classified as No Known Vector (NKV). In rodents, NKV viruses include 

Modoc virus, and, in bats, Rio Bravo virus. Arthropods that transmit flaviviruses include ticks, 

mosquitos and sandflies. Dual-host tick-transmitted flaviviruses include tick borne encephalitis, 

Langat and Powassan virus. Many flaviviruses exist; however, of those most well-known, studied, 

and cause the greatest human impact are insect transmitted flaviviruses. Insect transmitted 

flaviviruses are dual-host viruses infecting mosquitos, bats, and primates (2). Some of these viruses 

include West Nile Virus (WNV), Japanese encephalitis virus (JEV), yellow fever virus (YFV), 
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dengue virus (DENV) and Zika virus (ZIKV) (3). From these viruses, the female Aedes Aegypti 

mosquito is responsible for the spread of YFV, DENV and ZIKV (4). 

 

i. Viral genome organization, coding proteins and morphology 

 

Flaviviruses have a spherical icosahedral shaped envelope formed by envelope (E) protein 

dimers. They can range between 9 and 13 kilo base pairs (kbs) and are approximately 50 µm in 

diameter [1][2]. Flavivirus particles contain one viral RNA molecule surrounded by a nucleocapsid 

composed of capsid (C) proteins which is further surrounded by a lipid membrane [8]. Pre-membrane 

(prM)/E or membrane (M)/E protein dimers are anchored into this membrane to form the immature 

or mature viral particles, respectively. 

 

Flavivirus genome is composed of a positive single-stranded RNA approximately 11 000 

nucleotides long, varying depending on the virus. Viral genome is composed of a 5’ cap but no poly-

A tail in 3’ and a single open reading frame (ORF) flanked by untranslated regions (UTRs) (5). The 

ORF serves as a messenger to encode a single polyprotein. Cellular and viral proteases cleave this 

polyprotein into three structural proteins, capsid (C), pre-membrane/membrane (prM/M) and E 

proteins, and seven non-structural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b and NS5). 
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Scheme 1. Overview of flavivirus ORF. Structural proteins and non-structural proteins are shown. 
Cellular and viral proteases are also shown.  
Adapted from Tomar S. Viral Proteases and their Inhibitors 2017. 
 

1. Structural proteins 

 

Structural proteins are responsible for the protection of viral RNA and the fusion onto 

different membranes of the flavivirus life cycle. C protein in flaviviruses is a 14 kDa protein that is 

responsible for the assembly of the nucleocapsid and lies at the N-terminus of the viral genome. C 

proteins have an affinity to both nucleic acids and lipid membranes. In this way, C protein can help 

with nucleic acid rearrangement, promote folding of RNA and simultaneously attach to the lipid 

membrane (6). C protein is cleaved from the intramembrane signal sequence separating C and prM 

proteins by NS2B and NS3. prM protein is a 19-21 kDa protein and an integral part of the flavivirus 

envelope. Furin cleavage prM into M protein results of maturation of the envelope(7). M and E 

proteins form different types of complexes depending on the stage of viral development. The 

immature virus is composed of 60 prM/E trimer of heterodimers. After furin cleavage, the mature 

virus is composed of 90 E protein dimers (8). The E protein of flaviviruses is 53 kDa and is 

responsible for viral binding and fusion (7) (9). Attachment to cells is mediated by E protein and 
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promotes the release of the nucleocapsid into the cytoplasm (6). E protein is a main target in the 

development of humoral immunity (7).  

 

2. Flavivirus Non-Structural proteins 

 

Non-structural proteins are responsible for pivotal viral life-cycle processes and immune 

evasion. The function of non-structural proteins is often inter-twined and depend on one another. 

NS1 is thought to be involved in immune evasion and viral RNA processes which occur by 

interference of the Toll-like receptor (TLR) signaling pathway allowing the virus to replicate with 

more ease (10). NS3 protein is multifunctional and includes a serine protease, nucleoside 

triphosphatase (NTPase), and an RNA helicase. Serine protease is responsible for polyprotein 

cleavage to produce mature viral proteins. NTPase/RNA helicase is involved in RNA replication 

(10). NS2B is a cofactor used by NS3 for capsid cleavage (7). NS4A is a membrane bound protein 

implicated in the replication complex and signal sequence to guide NS4B to the endoplasmic 

reticulum (ER) lumen (11). NS4B is implicated in viral replication by affecting helicase activity of 

NS3 (11). NS5 protein is a methyltransferase and RNA-dependent RNA polymerase and is 

responsible for coupling replication and assembly (12).  
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ii. Flavivirus life cycle 

 

After E protein attachment to cellular factors (including DC-SIGN on dendritic cells (DCs)), 

flaviviruses enter into human cells via receptor mediated endocytosis and clathrin-mediated 

endocytosis (13) (14). The endosomal vesicle acidification promotes the fusion of the viral and 

endosome membranes to release the nucleocapsid and then viral RNA into the cytoplasm. Viral RNA 

is translated into a single polyprotein by the cellular machinery. This polyprotein is then cleaved by 

host and viral proteases to obtain structural and non-structural proteins required for the RNA 

amplification and the replication step. A replication complex is formed by NS2A, NS2B, NS4A and 

NS4B (11). This replication complex has been theorized to help stabilize the activity of NS3 and 

NS5, promoting efficient viral production. NS4B traffics the genome to the ER. C protein is cleaved 

from the intramembrane signal sequence separating C and prM proteins by NS2B and NS3. Immature 

virus is produced and trafficked to the Golgi. After trafficking immature virus to the Golgi, immature 

virus is prepared for egress. At this time, a drop in pH and acidic conditions allows cleavage by furin, 

a cellular protease located in the trans-Golgi network. Furin cleaves prM into M protein(7). However, 

this cleavage is not 100% efficient; thus, many immature and partially mature viral particles are 

produced (with no nucleocapsid or genome)(15).  
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Scheme 2. Overview of Flavivirus life cycle.  
Adapted from Gerold G Molecular and cellular proteonomics 2017 
 

 

 

iii. Dengue 

 

DENV is a flavivirus transmitted by DENV infected female Aedes Aegypti or Aedes 

albopictus mosquitos [17]. Four circulating serotypes of DENV exist worldwide (DENV 1-4). Over 

50 years after the identification of these four serotypes, a fifth serotype, DENV-5, has been identified. 

DENV-5 was found after collecting serum from a human patient and responsible for an outbreak in 

2007 in the Sarawak state of Malaysia (16). 

  

Dengue-like epidemics were first historically documented in the Caribbean in the 1600’s. In 

1780, Benjamin Rush described the first dengue-like epidemic with symptoms (Dengue fever 

syndrome (DF)) in Philadelphia. The disease was described as break-bone fever (17). In 1828, in 
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Cuba, there was a dengue-like due to a virus named Dunga. DENV was first isolated in 1943-1944 

by Ren Kimura and Susumu Hotta from infected patient blood in Japan (18). 

 

Before 1970, only 9 countries experienced dengue. In the last 40 years there has been a 30-

fold increase in infections (18). Since then, DENV has a become a large burden of disease and over 

100 countries are affected (18). As of 2010, it is estimated that 390 million DENV infections occurred 

and 96 million had clinical manifestations (19). As of 2012, it is estimated that 3.9 billion people are 

at risk of DENV infection (20). Each year, approximately 500 000 patients require hospitalization 

and around 12 500 result in fatalities (21).  

 

Different manifestations of DENV infection exist and are characterized by severity, from 

asymptomatic or mild dengue fever (DF), to severe dengue hemorrhagic fever (DHF) and dengue 

shock syndrome (DSS). An infected patient can suffer from severe flu-like symptoms such as a high 

fever and two of the following: severe headaches, pain behind the eyes, nausea, vomiting, swollen 

glands, muscle and joint pains, and a rash. A second more severe manifestation of DENV known as 

DHF can by classified if any of the following criteria are present: fever lasting 2-7 days, any 

hemorrhaging, thrombocytopenia characterized by a platelet count lower than 100 000/mm3 and 

increased vascular permeability. If the four criteria are met for DHF and the patient has evidence of 

circulatory failure, then the patient is diagnosed with DSS. Severe dengue can be fatal due to plasma 

leakage, fluid accumulation, respiratory distress, severe bleeding, or organ impairment (Mayo clinic, 

2018). It is difficult to estimate DENV disease progression. However, one important risk factor 

known to be implicated in the development of severe dengue is antibody dependent enhancement 

(ADE). 
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Despite the large burden of disease that DENV has, only one licensed vaccine, called 

Dengvaxia, exists against DENV. Dengvaxia was first registered in Mexico in 2015. Mass 

vaccination (campaign or trial) was performed in the Philippines where 800 000 students were 

vaccinated. Those patients who had been exposed to dengue before showed protection, however 

those who had not showed an increased likelihood of developing severe dengue(22). Therapeutic 

treatments targeting all four serotypes is key to preventing dengue and severe dengue that can be 

triggered by ADE. ADE can be caused by sub-neutralizing antibodies that bind to FcγRs which 

increases viral entry and virus production. Cells that express FcγR are susceptible to ADE. Outside 

of ADE, FcγRs are responsible for many regulatory functions such as: humoral tolerance, modulation 

of pro- and anti-viral responses, antibody mediated effector functions and cellular immune responses. 

Many myeloid cells express FcγRs some of which include macrophages, monocytes and mature 

dendritic cells (mDCs) (23). Patients who have antibodies to one DENV serotype and are later 

infected by a second serotype may harbor sub-neutralizing antibodies that lead to an increased risk 

of severe dengue. Similarly, infected infants can be affected by sub-neutralizing antibodies found in 

breast milk (22). After building an immune response against DENV, antibodies towards a secondary 

infection with the same serotype over time can be; first neutralizing, then as antibody levels wane 

over time they can become enhancing and after that can undergo degradation (24, 25). ADE as a 

result of DENV infection is one of many challenges in producing an effective and safe DENV 

vaccine. 

 

Sanofi Pasteur designed a vaccine to have protection against all four serotypes. Dengvaxia 

was created using YFV as a backbone and inserting the E protein of each DENV serotype into a 

chimeric construct (26). However, current data by Sanofi shows that the vaccine may predispose 

young children (less than 5 years old) to severe Dengue(22). DENV-3 and DENV-4 had the highest 
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immunogenicity whereas DENV-1 and DENV-2 had some of the worst results. The inadequate 

response may lead to an increase in severe cases against DENV-2. As a result, long term cases saw 

an increase in hospitalizations for DENV-1 and DENV-2. The vaccine also had a higher efficacy in 

seropositive volunteers compared with naïve seronegative volunteers. Consequently, Dengvaxia has 

been registered for use in individuals 9 to 45 years old in endemic areas (27). 

 

Outside of vaccine development, different strategies are in the works to tackle DENV. 

Currently, a monoclonal antibody Ab515 by Visterra binds to domain III of E proteins of all four 

serotypes  and appears to neutralize DENV in target cells(28)[14]. Another approach involves using 

currently known drug compounds that have already been licensed for use in order to see if there is 

any effect on viral infection. Through this method, preliminary findings using ivermectin has shown 

a reduction in serum NS1 levels and body temperature without noticeable viremia levels. ST-148 is 

a small molecule that targets capsid protein across all four serotypes causing self-interaction. Viral 

strains that were resistant were detected in the population but selection of a resistant strain under 

laboratory settings was not observed (6) . 

 

iv. Zika Virus  

 

ZIKV is a flavivirus that can be transmitted by female Aedes Aegypti, Aedes Albopictus, and 

other Aedes mosquitos and also sexual fluids. Only one serotype of ZIKV exist with two lineages, 

the Asian and African lineage. ZIKV was first isolated in 1947 from a sentinel monkey in the Zika 

forest in Uganda. Prior to the first outbreak of ZIKV, ZIKV was prevalent in mosquitos in Africa 

and Asia. However, only 13 human cases had been reported (29). The first ZIKV was first reported 

in the Yap state, one of four states in Micronesia, in 2007. The Yap state has less a population less 
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than 7 000. After the outbreak, a serosurvey showed that approximately 74% of those tested had IgM 

antibodies to ZIKV. It is estimated that 72.5% of the population was infected with ZIKV and 18% 

had a clinical illness (30). In 2013 several islands in French Polynesia began to report outbreaks. The 

first reported cases and association between ZIKV and Guillain-Barré syndrome (GBS), a 

neurological condition affecting the peripheral nervous system, was first noticed during this 

outbreak. In 2014, sporadic ZIKV cases were first reported in Brazil. In 2015 and 2016, a large 

outbreak occurred in Brazil. In 2015, 1700 cases of GBS were reported(29). After the outbreak, by 

2017 there were 217 000 ZIKV cases and 3500 cases of Congenital Zika Syndrome (CZS) reported 

as a result of the 2015/2016 outbreak in Latin America. In Brazil alone, there were 2300 of CZS 

cases reported (31) (32). 

After infection, 18-35% of cases show signs and symptoms (33). Signs and symptoms of 

ZIKV include fever, muscle and joint pain that is very similar and nearly indistinguishable from 

DENV infection. Additional symptoms may lead to a rash or conjunctivitis. More severe 

complications can include neurological disorders. For example, GBS is possible but rare and 

accounts for 1.2% of all ZIKV infections(33). Patients with GBS show loss of sensation at the 

extremities and gradually this progresses up peripheral nervous system. Around 30% of GBS cases 

can progress to respiratory failure, highlighting the importance of  intensive care and management 

(34). Additionally, it was discovered that ZIKV preferentially infects neural progenitor cells in the 

developing fetus of pregnant mothers. ZIKV infection in mothers leads to CZS that can be 

distinguished by microcephaly or the diminished development of the cerebral cortex noted by a 

reduction in occipitofrontal head circumference (OCH) (35).  

The rise of ZIKV infection has caused an economic burden. Congenital syndrome cases in 

Brazil. Future epidemics in Latin America could cost approximately 2.3 billion dollars per year (32).  

Since there has been few dengue outbreaks in the continental United States, the possibility of 
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economic impact of ZIKV was evaluated. It is estimated that medical costs would surpass 1 billion 

dollars if 1% of the population in Alabama, Florida, Georgia, Louisiana, Mississippi and Texas was 

affected (36). 

 

v. Japanese Encephalitis Virus  

 

JEV is a flavivirus that is spread by Culex mosquitos, primarily Culex tritaeniorhynchus 

(37). Five genotypes of JEV exist that circulate in many parts of Asia. Two of these genotypes are 

localized to Thailand/Malaysia where JEV is thought to have originated and the other genotypes have 

expanded their niche to other parts of Asia. JEV is considered a zoonotic virus because humans are 

dead end hosts. JEV viremia in humans is low enough that JEV is not transmittable between humans 

and mosquitos cannot be infected by feeding on humans. However, herons, egrets and pigs are viral 

reservoirs for JEV and replicate to high titers. JEV also grows in mosquito larvae that thrive in rice 

paddy fields. With birds, there is a potential for JEV to travel around the world and with pigs, due to 

domestication, perpetuate spread of infection to humans.   

JEV was first discovered in the late 19th century in Japan (45). JEV later spread to parts of 

India in the 1950’s and then the rest of India in the 1970’s. A large increase in rice production and 

raising pigs may account for the rapid spread of JEV. Currently, more than 4 billion people are at 

risk for JEV since JEV affects approximately 25 countries in Asia (37). However, in Japan and North 

Korea vaccination campaigns and vector control has curbed JEV outbreaks. Regardless, every year 

it has been estimated that there are 68 000 cases, 20 000 fatal cases and 14 000 to 27 000 cases that 

result in sequelae (1) (46). Additionally, the global burden of JEV infections account for 700 000 

disability-adjusted life years (DALYs) every year (45). 
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Developing clinical features after JEV infection is not common. Approximately 1-4% of 

people who are infected develop symptoms. Symptoms can range from flu-like symptoms to fatal 

encephalitis. Typically, patients show symptoms after 5 to 15 days after initial exposure (37). Of 

patients who develop encephalitis 20-30% will die as a result of the infection and 30-50% of those 

who survive will have long-term neurological and cognitive effects (37). 

 

The first JEV vaccine, JE-VAX, was produced by infecting young mice intracerebrally and 

inactivating the brain homogenate supernatant with formalin. However, JE-VAX was not cost-

effective and also had adverse effects and in rare instances caused a serious allergic reaction or 

neurological complications. JE-VAX production has stopped being produced in favor of other safer 

and cheaper vaccines. Another JEV vaccine, SA14-14-2, was licensed in China in 1988 and was 

grown in primary hamster kidney (PHK) cells (37). SA14-14-2 was produced from the infectious 

S14 strain and is highly immunogenic with a single dose. 

 

 

vi. Yellow Fever Virus 

 

YFV is a flavivirus in the Flaviviridae family that is transmitted by mosquitos. YFV is 

mainly transmitted by female Aedes Aegypti mosquitos in the urban sylvatic cycle. In the jungle 

sylvatic cycle such as in the jungles of Africa, YFV can be transmitted by Aedes africanus. However, 

this mode of infection is very infrequent since the Aedes africanus feeds at night and does not prefer 

to bite humans (26). YFV can also be transmitted by mosquitos in the genera Haemagogus and 

Sabethes. In southern Brazil, Haemagogus and Sabethes are the primary genera that spread YFV in 

the jungle sylvatic cycle (38). YFV originated in the jungles of Africa and was imported to the 
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Americas during the slave trade. YFV is endemic in the Americas and Africa co-circulating with 

other flaviviruses but has remained clear of Asia where other flaviviruses are circulating(26). The 

Asibi strain was first isolated from a patient in 1927 and is still in use. From this strain, a live-

attenuated vaccine strain called YFV17D was developed through serial passaging in nervous-tissue 

deprived embryo of chicks (26) (39) . After more than 150 passages, YFV was found to not infect 

when injected intracranially. 

There are three phases to YFV infection: the acute, remission and toxic phase. The 

incubation period lasts 3 to 4 days and many people do not experience symptoms. However, those 

that do can experience fever, backache, headache, loss of appetite, nausea or vomiting. During the 

remission stage, symptoms typically subside after 3 to 4 days from the initial infection. 

Approximately 15-20% of patients enter the third phase, the toxic phase. This can occur within 24 

hours or as late of 48 hours of recovering from initial symptoms (26). During the toxic phase, 

symptoms include: a high fever, gastrointestinal hemorrhage, and jaundice dysfunction can occur in 

organs such as the liver, kidneys or cardiovascular. In deceased patients, pathology reveals 

enlargement of these organs. At this late stage, viremia is absent, but antibodies can be detected (26). 

  

YFV17D live-attenuated vaccine strain is effective because it has retained the ability to 

replicate and induce an immune response through a persistent viral infection, where RNA, 

neutralizing antibodies and a T-cell response has been detected weeks after infection (40) (41). Even 

though a vaccine exists, YFV still has a significant impact in Africa and South America where there 

are 200 000 infections and 30 000 deaths annually (26). On the other hand, YFV vaccination in 2016 

averted approximately 94 000 to 119 000 cases in endemic zones (42). 

YFV17D live attenuated vaccines was regarded as one of the safest vaccines. However, a 

report published in 2001 found an association of vaccine induced infection to YFV which caused 
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severe hemorrhagic disease. The report highlighted 7 cases, 6 being fatal, of Yellow fever vaccine 

associated viscerotropic disease (YFV-AVD). Approximately 0.4 in 100 000 in the US were found 

to develop YFV-AVD which fortunately is very rare (40). The vaccine can provoke an attack on the 

liver, kidneys or the nervous system. In areas where YFV is endemic there are about 0.24 cases for 

every 100 000 people vaccinated as a result of the vaccine (43). It is estimated that 1 in every 7 

infections is apparent with the wild-type (WT) strain and with the vaccine strain it is 1 in every 250 

000 (44). Due to YFV-AVD the WHO has recommended people that only people that live in or plan 

to travel to endemic countries are vaccinated against YFV. Despite the development of YFV vaccine, 

little is known about how long-lasting immunity is induced with the vaccine. Therefore, studying the 

immune reaction of cells infected by YFV may elucidate pathways implicated in the building of a 

long-lasting immunity. 

 

 

 

b. Dendritic cells 

 

Dendritic cells (DCs) are a main target of DENV and can be infected by ZIKV, YFV and 

JEV(47) (48) (41). DCs are produced from hematopoietic stem cells in the bone marrow with two 

distinct origins: a myeloid origin such as that of phagocytes involved in immunity, and a lymphoid 

lineage of T-cells, involved in regulation and tolerance (49). Within the myeloid origin, two main 

subsets of DCs exist, conventional (cDCs) and plasmacytoid DCs (pDC). cDCs can uptake and 

process both extra- and intracellular antigens. These antigens are then presented to either CD8+ T-

cells by (cDC1), or to CD4+ cells by (cDC2) (50). pDCs can sense intracellular DNA and RNA of 

virus or self through TLR7, TLR9 and are specialized to produce IFN-α (50) (51).  
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DCs capture antigens and migrate to lymphoid tissues. Under the steady state, marked by no 

infection or inflammation, DCs can exist in immature or semi-mature states. Immature DCs reside 

in the skin or mucosal surfaces and therefore are one of the first cells to interact with pathogens (52). 

After interacting with pathogens, DCs activate B or T-cells to trigger the adaptive immune system. 

When DCs recognize antigens and they have a strong stimulus, they undergo maturation (49). DC 

maturation connects the innate and adaptive immune system as different stimuli can lead to 

differentiation of T-cells towards different outcomes. CD40L and thymic stromal lymphopoietin 

(TSPL) are two different stimuli that drive DC differentiation. Naïve T-cells differentiate into either 

Th1 due to CD40L DCs or Th2 cells due to TSPL DCs (49). 

In the following study, two possible models to study infection were utilized, human 

primary monocyte derived dendritic cells (moDCs) or cell line (MUTZ-3) 

 

 

 

i. moDCs 

 

The first model type of dendritic cells is moDCs. The CD1 family of which CD1a is a part 

of, is responsible for antigen presentation in dendritic cells (53). In the presence of granulocyte-

macrophage colony-stimulating factor (GM-CSF) and Interleukin-4 (IL-4), monocytes differentiate 

into immature DCs (iDCs) and a high percentage of these cells express CD1a (53). In the presence 

of GM-CSF and IL-4 monocytes show a decrease in CD14, a monocyte marker, expression after 

differentiation. Immature moDCs express high amounts of Dendritic Cell-Specific Intercellular 

adhesion molecule-3-Grabbing Non-Integrin (DC-SIGN) or CD209. DENV uses DC-SIGN to attach 

to DCs to facilitate viral entry that is found in iDCs (23). 
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ii. MUTZ-3 

 

The second model explored was a CD34+ stem cell lineage leukemia cell line. Cell lines 

allow us to reduce human donor variability between experiments. Unlike primary cells which do not 

divide, cell lines are also able to be continuously cultured and expanded until they are ready to be 

used. Therefore, we investigated the potential of MUTZ-3 to function as a cell line. MUTZ-3 cell 

line was created after isolating blood from a patient with acute myelomonocytic leukemia. MUTZ-3 

cell line is amongst one of the best candidates for a DC-like human cell line (54). However, CD34+ 

stem cells derived DCs are phylogenetically distant to moDCs(55). Regardless, this cell lines shows 

morphological and phenological characteristics of monocytes. Amongst various cells lines studied, 

MUTZ-3 has the capability to be differentiated into DC-like cells with the addition of cytokines as 

indicated by upregulation of CD1a and downregulation of CD14. Kosten et al. report twenty percent 

CD1a expression after addition of GM-CSF, transforming growth factor- β (TGF-β) and IL-4 for the 

production of Langerhans-like cells (56). After addition of GM-CSF, IL-4 and a low dose of TNFα, 

20% of cells expressed CD1a (57). Santegoets et al. report 60% to 90% of these cells show expression 

of CD1a similarly using GM-CSF, IL-4 and TNFα (54).  

 

In this report, PBMCs from were isolated from human blood samples in order to isolate 

monocytes and differentiate them into moDCs. A model was built to optimize infection time and 
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multiplicity of infection (MOI) or the ratio of viral particles to cells for infectious viruses DENV-2, 

ZIKV, and vaccine strains JEV SA14-14-2 and YFV17D. For DENV-2 and ZIKV, MOI 1 and MOI 

0.5 for 24 hours resulted in about 50% bystander and infected cells. RNA was collected from mock 

cells. RNA was also from both by-stander non-infected and infected cells after cell sorting from this 

mixed population. RNA transcriptional profile of all three populations was studied using next-

generation sequencing. For YFV17D, the model generated mixed results where some experiments 

showed no infection and others showed some infection. However, JEV consistently showed infection 

of DCs. MUTZ-3 cell line was used as an alternative to moDCs and were differentiated however no 

infection was observed. 
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MATERIALS AND METHODS 

 

Key reagents, Abs etc. used in this study are outlined in Appendix. 

 

Mosquito cell C6/36 (Ae. Albopictus) 

 

C6/36 cells were purchased from ATCC. C6/36 cells were grown in L15 media 

supplemented with 10% Fetal Bovine serum (FBS), 100 U/mL penicillin, 100 µg/mL streptomycin 

and 10 mM HEPES. Media was exchanged every 3 to 4 days in a T175 non-vented flask containing 

25 mL of media and 1.0 x 106 cells. Cells were passed and expanded when confluency was 80-100%. 

Cells were scraped from T175 flasks using a cell scraper and collected onto a conical tube. Cells 

were spun at 1200 rpm for 5 minutes at 4˚C. Cells were resuspended and plated at 28˚C. 

 

Vero E6 cells  

 

African green monkey kidney-derived Vero E6 cells were purchased from ATCC. Vero cells 

were maintained in DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL 

streptomycin and 10 mM HEPES buffer. Cells were plated onto a T175 flask and media was changed 

every three to four days or when confluency reached 80-100%. In order to re-plate cells, cells were 

lifted using 0.25% Trypsin-EDTA for 2 minutes at 37˚C.  
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MUTZ-3 cells  

 

Cells were obtained from the Leibniz institute, German collection of microorganisms and 

cell cultures (DSMZ). Cells were grown in MEMα media containing 20% FBS, 100 U/mL penicillin, 

100 U/mL streptomycin and 40 ng/mL of GM-CSF. Cells were seeded at 7.0 x 105 per well in 24 

well plates, media was exchanged every 5 days. Cells were differentiated using 150 ng/mL of GM-

CSF and 50 ng/mL of IL-4. Cells were also differentiated using 150 ng/ml GM-CSF and 50 ng/ml 

IL-4 or 100 ng/mL GM-CSF, 20 ng/mL IL-4 and 2.5 ng/mL TNFα.  

 

Baby Hamster Kidney (BHK-21) cells 

 

BHK-21 cells were purchased from ATCC. BHK-21 cells were grown in MEMα media 

containing 10 mM HEPES buffer, 100 U/mL penicillin, 100 µg/mL streptomycin and 10% heat-

inactivated FBS or fetal calf serum (FCS). When cells were approximately 80% confluent, cells were 

passaged. BHK-21 cells were collected and flask was washed with 10-15 mL of 1x PBS applied to 

the side of a T-175 flask. PBS was aspirated and 2 mL of adherent cell solution (ACR: 1x PBS, 5mM 

EDTA, 10mM HEPES buffer, 100 U/mL penicillin, 100 µg/mL streptomycin) was added. The ACR 

was incubated with the cells for 2 minutes at 37˚C to lift the attached BHK-21 cells. Cells were lifted 

and 10 mL of BHK media was added. BHK-21 cells were centrifuged at 1200 rpm for 5-10 minutes, 

resuspended, and plated. 
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Viruses 

 

DENV UIS 353 strain serotype 2 (DENV-2) was used to perform experiments. The virus is 

a clinical isolate collected in 2004 in Bucaramanga Santander, Colombia from acute sera of an 

infected patient. The virus was passaged three times in C6/36 cells before arriving to our lab. DENV-

2 arrived to our lab in February 2018 and was grown in mosquito cells to produce a working stock. 

 

ZIKV SD001 is a clinical isolate collected from blood or serum 3 days post infection from a 

patient that had recently returned from a trip to Venezuela in March 2016. SD001 was grown in 

C6/36 cells for 13 days and virus was ultra-centrifuged. 

 

YFV17D virus was obtained from the Sette lab at La Jolla Institute. YFV17D full length was 

produced via electroporation onto Vero cells and collected 4 days post-electroporation on August 28, 

2012. The virus was passaged once to produce a P1 stock in 2012 and a second time in 2019 to 

produce virus used in the experiments outlined in this report. The virus was grown in C6/36 to create 

a stock and similarly in Vero cells. 

 

JEV SA14-14-2 was isolated in 1954 from Culex pipiens mosquitos. The virus was isolated 

in Shan’Xi, China. The virus was acquired by University of Texas Medical Branch (UTMB) in 2008 

and lyophilized to ship to the Shresta lab in February, 2019. Lyophilized JEV was grown in Vero 

cells to produce a P1 stock and grown again in Vero cells to produce a working stock (P2).  
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Virus prep 

 

Once cells (C6/36 or Vero) reach 80% confluency, cells are ready for infection. Media was 

aspirated and replaced with media containing no FBS. Media with no FBS was combined with 100 

µL aliquot of virus to infect the cells. Cells were infected for 2 hours, rocking flask every 15 minutes. 

C6/36 cells were incubated at 28˚C in a non-vented T-175 flask. Vero cells were incubated at 37˚C 

in 5% CO2 in a vented T-175 flask. Infectious media was removed and replaced with fresh media 

containing 10% FBS. Cells were collected and concentrated at the first sign of cytopathic effect. 

Virus containing media was collected and for JEV no concentration of virus was performed. JEV 

SA14-14-2was collected at day 4 and day 5 post infection. 

 

Concentration of virus 

 

Media containing virus was collected at the first sign of cytopathic effect and centrifuged for 

15 minutes at 2500 rpm at 4˚C in order to remove cellular debris. An Amicon column was washed 

using 15 mL of molecular grade biology water and centrifuged for 10 minutes at 2500 rpm, a 50K 

column was used to concentrate YFV17D and a 100K column was used for DENV-2. Flow-through 

was dumped and virus-containing media was added to the top of the filter on the Amicon tube. Tube 

was centrifuged at 2 800 g for 15 to 20 minutes depending on final volume. Ideally a volume of 0.5 

to 2 mL of concentrate is desired in the column. Concentrate left on the column was collected and 

supernatant that had flown through was discarded. Centrifugation was repeated, adding virus 

containing media to the top of the column. With the same column, this step can be repeated up to 

four times. Concentrate was filtered through a 0.22 µm filter to ensure sterility. Virus was aliquoted 

and stored at -80˚C. ZIKV was ultra-centrifuged at day 13. For ultra-centrifugation virus was spun 
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at 28 000 rpm for 90 minutes at 4˚C. Supernatant was discarded and virus was resuspended in 300 

µL of 20% FBS in 1x PBS. 

 

Quantification of viral titer by focus forming Assay (FFA) 

 

BHK-21 cells were plated at 2.0 x105 cells /well in a 24 well plate and incubated overnight 

at 37°C using BHK media. Ten-fold virus dilutions are performed from no dilution until 10-11. To 

infect the BHK-21 cells, 100µL of virus or diluted virus was placed onto each corresponding well in 

BHK media. Plate was rocked every 15 minutes at 37°C in 5% CO2 for 2 hours. In order to avoid the 

spread of virus, 1 mL of prewarmed BHK media containing 1% carboxymethyl cellulose (CMC) was 

added. Wells were incubated at 37˚C in 5% CO2 for 2.5 days for JEV and DENV-2, and 3 days for 

YFV17D and ZIKV. 

 

Cells were fixed 2.5 or 3 days after infection with 1 mL 4% formalin diluted in 1x PBS and 

incubated for 30 minutes at room temperature. Supernatant was removed by dumping and wells were 

washed three times with 1x PBS. In order to permeabilize the cell membrane, 500 µL of 1% 

Triton™X-100 in 1x PBS was added and incubated for 20 minutes at room temperature and washed 

using 1x PBS. In order to block non-specific binding, 500 µL of 10% FBS diluted in 1x PBS and 

incubated for 1 hour at room temperature. Blocking solution was removed but no washing was 

performed. Primary stain was performed using 400 µL of 4G2 (1 µg/mL) diluted in PBS/1%FBS and 

incubated 1 hour at room temperature. Plates were washed three times with 1x PBS after incubation. 

Secondary staining was performed using anti-mouse IgG HRPO ab (JACKSON) at 1:1000 in 1x PBS 

and 1% BSA for 1.5 hours at room temperature. Plate were washed three times with 1x PBS. In order 

to visualize foci present, 200 µL of True Blue™ peroxidase was added to each well. After a 20-30 
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minutes incubation in True Blue™ plate was washed once using deionized water to remove excess 

True blue. Plates were dried and placed away from direct light using aluminum foil at room 

temperature. Foci were counted the following day.  

 

PBMC isolation 

 

Blood from healthy donors from the Normal Blood Donor Program (NBDP) at LJI were used 

in the experiment. After the phlebotomy lab drew blood from patients, blood was prepared for PBMC 

isolation. Cold Histopaque®-1077 was added to a propylene tube. For 100 mL of blood or more 

collected from a donor 50 mL of 1x PBS and 0.02% EDTA was added. Blood/PBS/EDTA mixture 

was gently added to the tube containing Histopaque®-1077 while avoiding mixing of both solutions. 

The tube was centrifuged at 400 g for 30 minutes at 4°C and ramp and brake were set to 1. After 

centrifugation, the second layer from the top was collected. The second layer from the top is 

characterized by a buffy coat. Most of the plasma layer was aspirated off, while not disturbing the 

top layer. Plasma, buffy coat and Histopaque®-1077 layers were pipetted into a new tube and fill 

with 0.02% EDTA in 1x PBS. Solution was centrifuged at 300 g for 10 minutes at 4°C with ramp 

acceleration and deceleration set to 5. Remaining blood cells were lysed using 4.5 mL of molecular 

biological grade water and 500 µL of 10x PBS was added immediately and mixed with a pipette. 

Sample was passed through a 70-100 µm filter to remove lipids.  

 

Monocyte isolation  

 

Human monocyte cells were isolated using magnetic labeling and separation through 

negative selection with MACS Miltenyi biotech kit. First, PBMCs were counted using the Vi-CELL 
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XR cell counter. The lymphocyte protocol was used and a 1:10 dilution using 1x PBS to determine 

the quantity of reagents to use. PBMCs were spun at 300 g for 10 minutes and resuspend using 30 

µL of MACS Buffer (0.5% BSA in Auto macs rinse solution) for every 1.0 x 107 PBMCs. For every 

1.0 x 107 PBMCs 10 µL of FcR blocking reagent was added and mixed and similarly the same amount 

of Biotin-antibody cocktail was added and incubated for 10 minutes at 4°C. After incubation, for 

every 1.0 x 107 PBMCs, 30 µL of MACS buffer was added and mixed and 20 µL of Anti-Biotin 

microbeads were added and incubated for 10 minutes at 4°C. 

 

 

One pre-separation filter was placed on top of a LS column. The column was placed in the 

grove of the magnetic separator and securely fitted. The filter and LS column were rinsed with 3 mL 

of MACS buffer and flow-through was discarded. Cell suspension was added to the column and 

flow-through was collected. In order to fully rinse the column, 3 mL of MACS buffer was added to 

the column and flow-through was collected. The entire volume was allowed to flow-through before 

repeating the next wash. A total of three washes were performed. Flow-through was collected into 

one tube, spun down at 300 g for 10 minutes and resuspended. Cells were counted using the ViCell 

XR cell counter by diluting cell suspension 1:10 in 1x PBS. Monocytes were resuspended to 1.5 x 

106 cells/mL.  

 

Monocyte differentiation in DC 

 

Isolated monocytes were grown in RPMI1640 + Glutamax media supplemented with 10% 

FBS, 100 U/mL penicillin, 100 U/mL streptomycin and 25 mM HEPES. Cells were seeded at 1.5 x 

106 cells/mL with 3 mL in 6-well plates. Monocytes were differentiated into monocyte-derived DCs 
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(moDCs) by adding 100 ng/mL GM-CSF and 100 ng/mL IL-4 for 7 days. No differentiated control 

cells were not given GM-CSF and IL-4. Fresh media containing (for differentiated cells) or not 

containing cytokines was exchanged at day 3, and day 6. 

 

Differentiation confirmation 

 

At day 5-7 of differentiation, differentiated cells were collected and spun down at 1500 rpm 

for 10 minutes. Cells were resuspended, counted, and further diluted to 1.0 x 106 cells/mL. 

Differentiated and undifferentiated samples were plated (1.0 x 105 cells) onto a 96-well plate. Cells 

were stained with 1:100 APC-CD1a and FITC-CD14 conjugated antibodies in FACS buffer for 20 

minutes at 4˚C, unstained samples were incubated in 100 µL of FACS buffer. BD LSRII-3 was used 

for FACS analyses using the Diva acquisition software. In order to confirm differentiation, percent 

extracellular expression of CD1a and CD14 of cells was quantified. moDCs were utilized for 

infection when the percent of cells which express CD1a was greater than 70%, otherwise the cells 

were discarded. 

  

siRNA treatment using reverse transfection 

 

At day 6 of differentiation, cells collected and spun at 300 g at 4˚C for 10 minutes. Cells 

were resuspended at 1.5 x106/mL in DC media with 100 ng/mL GM-CSF and 100 ng/mL IL-4. Cells 

were transfected with no siRNA or siRNA for control, fatty acid synthase (FAS), sterol regulatory 

element-binding factor 1 (SREBF1) or SREBF2. Solution was incubated at room temperature for 20 

minutes. The solution was placed on an empty 6-well plate and 1 mL of cell suspension was added 

directly on top of the reagent solution without pipetting up and down. Plate was rocked to ensure that 
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the media covered the entire bottom of the plate. Plate was incubated at 37˚C in 5% CO2 for 4 hours 

and 2 mL of DC media containing 100 ng/mL GM-CSF and 100 ng/mL IL-4 was added to each well. 

Wells were incubated for different time points (24, 48, 72 hours). After the incubation time, cell and 

supernatant was collected. Wells were washed with 1 mL of 1x PBS and solution was spun at 12 000 

rpm at 4˚C for 5 minutes. Media was aspirated and cells were washed using 1 mL of 1x PBS. Cells 

were spun at 12 000 rpm at 4˚C for 5 minutes. Solution was aspirated and cells were lysed in 300 µL 

of RNA lysis buffer. Samples were stored at -80˚C. 

 

RNA isolation after siRNA transfection 

 

RNA was isolated according to the manufacturer’s instructions using Quick-RNA micro 

prep kit. A 1:1 volume of 100% absolute ethanol and sample was prepared and pipetted up and down 

to ensure that proper mixing. A small precipitate may form, and this is important to keep. Solution 

was added onto an IC column from Quick-RNA micro prep kit. Sample was spun at 13 000 g for 30 

seconds. DNA digestion buffer was prepared in an RNase free tube using 5 µL of DNase I and 35 

µL DNA digestion buffer per sample, mixture was mixed by inversion. In order to wash the column, 

400 µL of RNA wash buffer was added to the column to prewash column. Column was centrifuged 

at 13 000 g for 30 seconds. Sample was incubated at room temperature for 20 minutes after adding 

40 µL of DNase reaction mix. Flow-through was discarded and 400 µL of RNA prep buffer was 

added to the column and spun for 30 seconds at 13 000 g. Flow-through was discarded and 700 µL 

of RNA wash buffer to the column and centrifuged at 13 000 g for 30 seconds. Flow-through was 

discarded and 400 µL of RNA wash buffer was added to column. Column was centrifuged at 13 000 

g for 2 minutes to ensure removal of wash buffer. Column was transferred onto an RNase-free tube 

and 15 µL of DNase/RNase-free water was added. Column was incubated for 1-2 minutes at room 
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temperature and spun at 13 000 g for 30 seconds. RNA was diluted to 100 ng/µL using molecular 

grade water and stored at -80˚C or used directly for cDNA synthesis step. 

 

cDNA synthesis and qRT-PCR 

 

The following cDNA synthesis master mix was prepared: 0.5 µL of iSCRIPT enzyme, 2 µL 

of 5x iSCRIPT buffer and 7.5 µL of sample RNA at diluted to 100 ng/µL. The mix was placed into 

PCR tubes and the PCR machine was ran with the following settings: 5 minutes at 25˚C, 20 minutes 

at 46˚C, 1 minute at 95˚C, and 4˚C until sample was removed.  

cDNA was then used for the qRT-PCR. A 1:4 dilution was performed on cDNA samples by 

adding molecular grade water. The following master mix was prepared: 5 µL of iTaq DNA 

polymerase 0.5 µL of reverse primer, 0.5 µL of forward primer, 4 µL of diluted cDNA. The following 

settings were used for qRT-PCR: 94˚C for 2 minutes, 40 cycles of 94˚C for 15 seconds followed by 

60˚C for 1 minute, and optional hold at 4˚C. Forward and reverse primers used were obtained from 

IDT DNA. Primer sequences are listed in the supplementary list of reagents. 

 

Viral Infection 

 

Wells containing moDCs were infected with virus mixed with DC media for 2 hours. Virus-

free DC media was used for mock group. During this 2-hour infection the wells containing the 

minimal volume to cover the well was used in order to increase the contact between cells and virus. 

Plates were rocked every 15 minutes to ensure even spread of virus. After a 2-hour infection period, 

cells were collected and centrifuged at 200 g for 10 minutes. Media was aspirated and cells were 
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washed once with 1x PBS and centrifuged at 200 g for 10 minutes in order to remove excess 

extracellular virus present. Cells were plated on a new plate. 

For experiments involving optimal timepoint or MOI determination, cells were collected at 

the determined time point (as mentioned in the figure/legend). Time points tested were (6, 12, 18, 

24, and 48 hours) throughout some or all experiments. At the indicated time point, supernatant was 

collected for experiments such as for FFA. Cells were washed with 1x PBS and centrifuged at 200 g 

for 10 minutes. Cells were resuspended with 200 µL of FACS buffer.  

 

Cellular Staining  

Differentiation verification staining 

In order to assess differentiation of dendritic cells, differentiated and undifferentiated cells 

were stained with CD1a-APC and CD14-FITC at 1:100 for 20 minutes at 4˚C placed away from 

light. Unstained samples were prepared as a control. Sample conditions that have both an unstained 

and stained group were resuspended in 400 µL of FACS buffer. Stained and unstained samples 

received equal volumes, 200 µL. 

Viral infection percent determination  

Extracellular staining was performed using CD1a-APC at 1:100 in FACS buffer for 20 

minutes at 4˚C away from light. After cell fixation, intracellular staining of moDCs was performed 

using 4G2-FITC at 1:100 in perm wash for 30 minutes at 4˚C away from light. 

Cell sorting Staining 

 Dead cells were stained using Zombie Violet™ diluted 1:1000 in 1x PBS and samples were 

incubated for 20 minutes at 4˚C away from light. 
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Data analysis 

 

Using Flojo, gating of cells was performed by gating live cells based on the side scatter 

(SSC) and forward scatter (FSC). Gating was also performed for CD1a-APC by using unstained 

moDCs as a negative control. CD1a+ cells were used in order to gate for 4G2-FITC. 

 

Cell sort preparation and staining for RNA sequencing 

 

After Zombie violet staining, cells were washed with FACS buffer and samples were spun 

at 300 g for 5 minutes at 4˚C in order to quench dye with excess protein. Supernatant was removed 

and samples were resuspended in 1x PBS. Sample was spun at 300 g for 5 minutes at 4˚C. Samples 

were permeabilized with 1x PBS, 4% paraformaldehyde (PFA), 0.1% saponin and 400 U/mL of 

RNase inhibitor. Samples were centrifuged at 1000 g for 3 minutes at 4˚C and wash buffer containing 

0.2% BSA, 0.1% saponin and 400 U/mL of RNase inhibitor resuspended in 1x PBS. Human Fc block 

was added at 1:100 in staining buffer containing 1% BSA, 0.1% saponin, 1:25 RNase inhibitor 

resuspended in 1x PBS. Fc block was incubated for 5 minutes at 4˚C and 4G2-AF647 at 1:100 was 

added. Stain was incubated for 30 minutes at 4˚C. Cells were centrifuged at 1000 g for 3 minutes at 

4˚C and supernatant was removed. Cells were washed twice using wash buffer containing 0.2% BSA, 

0.1%, and 400 U/mL of RNase inhibitor resuspended in 1x PBS and spun at 1000 g for 3 minutes at 

4˚C. Supernatant was removed and samples were resuspended in sort buffer containing 0.5% BSA 

and 1600 U/mL of RNase inhibitor resuspended in 1x PBS. 

After this sample preparation, the mixed population of cells infected and uninfected cells 

residing in the same sample was sorted by the LJI flow core using the FACS Aria machine. Zombie 
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Violet positive cells were excluded from cell sorting and 4G2 positive and negative cells were placed 

on separate tubes. 

 

RNA isolation for cell sorting 

 

Directly after cell sorting RNA was isolated using total nucleic acid isolation kit following 

the manufacture’s instruction. Digestion buffer master mix was prepared with RNA inhibitor at 400 

U/mL and protease solution at 1:50. Sorted samples were spun at 5000 rpm at 4˚C and centrifugation 

was repeated until all the sample was centrifuged. Master mix was added to sorted fixed-cell samples 

and incubated at 50°C for 3 hours. After incubation, samples were stored at -80°C or RNA isolated. 

Isolation additive solution was prepared using 240 µL of isolation additive and 550 µL of 

100% ethanol for each sample. Master mix was added to samples and 700 µL of sample/ethanol 

mixture was placed onto a column containing a filter cartridge. Column was centrifuged at 10 000 

rpm for 60 seconds. Flow-through was discarded by aspiration under a sterile biosafety cabinet. Steps 

were repeated until all sample/master-mix had been used. In order to rinse the column, 700 µL of 

wash buffer 1 was added to filter column. Sample was centrifuged, flow-through was discarded via 

aspiration and wash 2/3 was added. Sample was centrifuged and flow-through was discarded via 

aspiration and centrifuged an additional 60 seconds.  

DNA digestion master mix was prepared using 50 µL of nuclease-free water, 6 µL of 10x 

DNase buffer and 4 µL of DNase per sample. Samples were incubated for 30 minutes at room 

temperature using the DNA digestion master mix and 700 µL of wash 1 buffer was added to each 

filter column. Samples were incubated for 60 seconds and centrifuged at 10 000 rpm. Solution was 

discarded via aspiration and wash buffer 2/3 was added to the filter column and repeated a second 

time. Sample was centrifuged for 1 minute at 10 000 rpm to remove residual fluid. Filter cartridge 



 31 

was transferred to a new column and 50 µL of TE buffer was added to solubilize and protect the 

RNA. Sample was incubated at room temperature for 1 minute and column was centrifuged at 13 

200 rpm for 1 minute. RNA concentration and purity were determined using the nanodrop. Samples 

were stored at -80°C for long term storage. The Bioanalyzer was used in order to determine the RNA 

integrity number (RIN) of the samples. Sample was used for RNA-sequencing when the RIN value 

was above 8. 

 

RNA-Seq and Data analysis 

Pre-processing of data was performed by mapping FASTQC files to the University of 

California, Santa Cruz (UCSC) genome build hg38 (human). The algorithm Spliced Transcripts 

Alignment to a Reference (STAR) was used to map RNA-seq experiments using default parameters. 

Hypergeometric Optimization of Motif EnRichment (HOMER) was used to map uniquely aligned 

reads into tag directories. 

RNA-seq reads were aligned to GRCh38/hg38 genome. RNA-seq reads aligned to the 

GRCh38/hg38 assembly were used to generate gene expression fragments per kilobase of transcript 

per million mapped reads (FPKM) values using HOMER.  Genes with less than 0.5 FPKM in all 

conditions were defined as not expressed. HOMER’s analyseRepeats.pl utility was used to quantify 

reads in transcript exons defined by GENCODE. Differentially expressed genes and regularized log 

(r-log) normalization values were calculated using Bioconductor’s DESeq2 function. Enrichment 

values (logP) were clustered using cluster 3.0. Principal component Analysis (PCA) was performed 

in R.   
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RESULTS 

 

a. moDCs are sufficiently differentiated 

 

DCs are known to be an important target during flavivirus infection (23). To determine the 

impact of flavivirus infection on DCs, we wanted first to develop a DC model. Monocytes isolated 

from human PBMCs were differentiated into moDCs using 100 ng/mL of GM-CSF and IL-4. Figure 

1A shows percent of cells expressing CD14, a specific monocyte marker. Over 90% of non-

differentiated cells (no cytokines added) show CD14 expression whereas differentiated cells 

(cytokines added) show less than 10% CD14 expression. Figure 1B similarly shows CD1a (specific 

dendritic cell marker) percent expressing cells. Less than 10% of differentiated cells show CD1a 

expression whereas over 80% of differentiated cells show expression of CD1a. These results suggest 

that monocytes were differentiated into moDCs. 

 

 

Figure 1. Differentiation verification of monocytes.  Cells were stained with CD1a-APC and CD14-
FITC on day 7 of incubation in 100 ng/mL of GM-CSF and IL-4. Each value represents one 
experiment conducted. Mean (± SEM) was plotted for (n = 26). 
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b. moDC-Flavivirus infectious models established for some but not all flaviviruses 

studied 

 

Once the DC model was established, to investigate how flavivirus infection impacts DCs, 

we wanted to develop a DC infectious model. Therefore, we assessed the conditions (MOI and 

timepoint) necessary to have an ideal infection. Intracellular virus present was quantified by 

measuring 4G2-FITC via flow cytometry ((Figure 2A, 2C, 2E and 2G). Extracellular viral particles 

were determined by FFA using BHK-21 cells (Figure 2B, 2D, 2F). 

 Intracellular infection with DENV-2 (MOI 1), ZIKV (MOI 0.5) and JEV (MOI 1) peaked 

at 24 hours post infection, at ~40%, ~50% and ~20% of cells infected respectively (Figure 2A, 2C 

and 2E). Extracellular infectious particles increased over time and plateaued at ~1 x 105 FFU/mL at 

48 hours (Figure 2B). Intracellular infection with ZIKV peaked at of cells infected at 24 hours post 

infection (Figure 2C). Extracellular virus increased over time and plateaued at ~1 x 106 FFU/mL at 

48 hours (Figure 2D). Intracellular infection with JEV SA14-14-2 peaked at ~20% of cells infected 

at 24 hours post infection (Figure 2E). Extracellular virus increased over time and plateaued at ~1 x 

105 FFU/mL at 48 hours (Figure 2D).  

 

Figure 2E shows intracellular infection with YFV17D (MOI 1). No cell infection was 

observed for 3 donors assessed. However, infection was observed for two donors. For one donor, 

infection peaked at ~6% at both 6 and 12 hours post infection. For the second one, infection peaked 

at ~20% at both 6 and 12 hours post infection. 

We successfully show that DCs are infected after DENV, ZIKV, and JEV infection and 

optimized infection conditions (MOI and time point) in order to cell sort for RNA sequencing. 
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Figure 2. Flavivirus-DC infectious model. moDCs were infected for 6h, 12h, 18h, 24h and, 48h. 
Percent of cells infected (cells expressing 4G2) by (A) DENV-2 (MOI 1), (C) ZIKV (MOI 0.5), (E) 
JEV SA14-14-2 (MOI 1), and (G) YFV17D (MOI 1) were quantified by flow cytometry (n=4, n=7, 
n=3 and n=5 respectively). Extracellular infectious (B) DENV, (D) ZIKV, (F) JEV SA14-14-2 
particles production were determined by FFA (n=3).  
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c. ZIKV and DENV infection utilize different pathways 

 

To study specific pathways that are necessary or pivotal to flavivirus survival and spread. After DCs 

and infectious models were established, we used a human macrophages model already develop in 

our laboratory but updated for moDCs (58). This model allowed us to study the modifications 

induced by the flavivirus infection in a pure population of infected moDCs (Figure 3).   

 

Figure 3. Flavivirus-DC infection model for RNA-sequencing.  
moDCs were infected with ZIKV (MOI 0.5) or DENV (MOI 1) for 24 hours. Live cells were 

sorted into negative bystander cells (ZIKV- or DENV-) or positive infected cells (ZIKV+ or 
DENV+). Using these populations, RNA isolation was conducted in order to perform RNA-
sequencing.  

 
After obtaining results from RNA sequencing, one method of confirming that our RNA 

sequencing was effective was to produce a PCA plot. Samples within the same group clustered 

together in the PCA plot. Uninfected bystander cell and infected cell RNA samples clustered 
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separately along the PC1 axis representing 36% of the variability in the data. DENV and ZIKV 

samples clustered separately along the PC2 axis representing 24% of the variability in the data, 

Figure 4. First, this suggests that our sequencing results were relevant and then that ZIKV and DENV 

have distinct and unique transcriptional effects on moDCs. Infected and bystander cells similarly 

have distinct impacts on moDCs. 

 

Figure 4. PCA results show clustering of samples. Principal component (PC1) and PC2 were plotted 
for both DENV and ZIKV and uninfected bystander samples and infected samples. Gene expression 
for mock samples was used as a baseline and subtracted from uninfected bystander and infected 
samples. Three of the same donors were used for both DENV (n = 3) and ZIKV (n = 4).   
 

Genes that were upregulated as a result of viral infection were studied. For ZIKV and DENV, 

genes that were upregulated in infected samples compared to mock was quantified for Figure 5. 

Results show 347 and 144 upregulated genes when compared against mock in DENV and ZIKV 

infection respectively. The top 20 pathways related to the upregulated genes were listed. Percent of 

genes upregulated in the pathway was quantified using different size of circles. After ZIKV infection, 

pathways in lipid and metabolic metabolism were upregulated. After DENV infection, pathways 
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related to inflammation and cytokine signaling were upregulated. The amount of upregulation as 

noted using Log10(q-values) was represented by color. These results suggest that despite ZIKV and 

DENV being genetically similar, infection leads to different outcomes. 

 

 

 

Figure 5. RNA sequence result summary of data. Venn Diagrams showing upregulated genes in 
ZIKA and DENV infected cells. Top twenty pathways of moDCs after flavivirus infection are shown 
for both viruses and the overlap of both. Significance is plotted by Log10(q-values). Percent of 
upregulated genes in gene ontology categories are displayed by the size of the circle. 
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d. siRNA experiments 

 

In order to study the main pathways upregulated during ZIKV infection in moDCs, we 

silenced 3 key proteins implicated in lipid metabolism using siRNA. Two transcription factors 

silenced, SREBP1 encoded by SREBF1 and SREPB2 encoded by SREBF2, are implicated in fatty 

acid (FA) and cholesterol pathways respectively. fatty acid synthase (FAS) is also implicated in fatty 

acid pathways and is a limiting enzyme implicated in FA neosynthesis.  

siRNA for SREBF1 transfection mixture was prepared for 25, 50, 75 and 150 pmol, Figure 

6. Treatment of moDCs with siSREBF1 at 25 pmol shows a ~70% decrease in mRNA across all three 

time points (24h, 48h and 72h) (Figure 6A). Treatment of moDCs with siSREBF1 at 50 pmol shows 

a ~85% decrease in mRNA at 24 hours post treatment and ~50% decrease in mRNA at 48 and 72 

hours post treatment (Figure 6B). Treatment of moDCs with siSREBF1 at 75 pmol shows a ~65% 

decrease in mRNA levels at all three time points (Figure 6C). Treatment of moDCs with siSREBF1 

at 150 pmol shows a ~65% decrease in mRNA levels (Figure 6D). The data suggests that applying 

25 pmol siSREBF1 treatment at 24 hours is sufficient to knockdown mRNA sufficiently and that 

increasing treatment concentration or time is not significant to further reducing gene expression. A 

western blot of protein of interest will determine the appropriate concentration of siRNA to use. 
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Figure 6. siSREBF1 inhibits SREBF1 across different time points and siRNA concentrations. qRT-
PCR results from moDCs after SREBF1 inhibition at different concentrations of siRNA. Increasing 
concentrations of siRNA were used, 25, 50, 75, 150 pmol (A-D). Relative expression is plotted 
against control siRNA. 
 

After sufficiently knocking down SREBF1 with siRNA, we sought to knockdown SREBF2 

and FAS genes. Treatment of moDCs with siFAS at 25 pmol shows a ~60% decrease in mRNA 

levels (Figure 7A). Treatment of moDCs with siFAS at 50 pmol shows a ~72% decrease in mRNA 

levels (Figure 7B). Treatment of moDCs with siFAS at 25 pmol shows a ~66% decrease in mRNA 

levels (Figure 7C). Treatment of moDCs with siFAS at 50 pmol shows a ~78% decrease in mRNA 

levels (Figure 7D). The data suggests that applying 25 pmol siSREBF2 or siFAS treatment at 24 

hours is sufficient to knockdown mRNA sufficiently and that increasing treatment concentration or 

time is not significant to further reducing gene expression.  
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Figure 7. SREBF2 and FAS are silenced across siRNA concentrations and timepoints. qRT-PCR 
results from moDCs after inhibition with siRNA. Two siRNA amounts, 25 pmol (A and C) and 50 
pmol (B and D) show silencing of both SREBF2 and FAS using siRNA across three time points 
relative to control siRNA.  
 

e. MUTZ-3 model, a monocytic cell line, was differentiated but not infected by ZIKV  

To reduce donor variability between experiments and to perform experiments that cannot be 

conducted easily in primary cells, we wanted to develop an alternative DC cell line model. We 

assessed he potential of MUTZ-3 cells. This cell line has been shown to display morphologic and 

phenotypic characteristics of in vitro DCs after differentiation with cytokines (57). Therefore, we 

explored MUTZ-3 cell line as a candidate for our DC-flavivirus infection model. We used two 

differentiation protocols to differentiate MUTZ-3 in immature DC-like cells. Our first protocol is 

composed of 150 ng/mL of GM-CSF and 50 ng/mL of IL-4 while our second protocol is composed 

of 100 ng/mL of GM-CSF, 20 ng/mL IL-4, 2.5 ng/mL TNFα. Using the first protocol, CD14 was 

significantly downregulated from 24% in not differentiated cells to 13% in differentiated cells and 
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similarly CD1a expression was significantly upregulated from 10% of MUTZ-3 cells expressing 

CD1a (cytokines not added) to 50% of MUTZ-3 cells (cytokines added) (Figure 8A). Using the 

second protocol, MUTZ-3 cells that were differentiated showed a percent decrease of cells 

expressing CD14 from 20% (no cytokines added) to nearly 0% (cytokines added) (Figure 8C). An 

increase of MUTZ-3 cells expressing CD1a+ from 10% (no cytokines added) to approximately 85% 

(cytokines added) (Figure 8D). In this cell model, cells are considered differentiated if CD1a 

expression is above 20% (59). Therefore, these results suggest that the second protocol allows for a 

better differentiation, however, the first protocol is sufficient in promoting differentiation.  

 

Figure 8. MUTZ-3 differentiation model using two different cytokine protocols. (A and B) MUTZ-
3 cells were differentiated using cytokines, 150 ng/mL of GM-CSF and 50 ng/mL of IL-4 for seven 
days or grown cytokine-free (not differentiated). (A) MUTZ-3 cells expressing CD14 was plotted 
for cytokine-free cells and cells with cytokines, using protocol 1. (B) MUTZ-3 cells expressing CD1a 
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was plotted for cytokine-free cells and cells with cytokines, using protocol 1. Mean (± SEM) was 
plotted for CD14 and CD1a expression, n = 3. (C and D) MUTZ-3 cells were differentiated using 
cytokines, 100 ng/mL of GM-CSF, 20 ng/mL of IL-4, and 2.5 ng/mL TNFα, for seven days (n = 1). 
(C) MUTZ-3 cells expressing CD14 was plotted for cytokine-free cells and cells with cytokines, 
using protocol 2. (D) MUTZ-3 cells expressing CD1a was plotted for cytokine-free cells and cells 
with cytokines, using protocol 2. Mean (± SEM) was plotted for (n = 3). A paired two-tailed t-test (p 
< 0.05). 
 

 

 

f. MUTZ-3 cells are an inadequate infection model 

 

Using the two differentiation protocols, MUTZ-3 cells were infected with ZIKV. Cells 

infected with ZIKV (24, 48 hours and MOI 0.1, 0.5, 1) were stained with 4G2-FITC in order to 

determine the percent of infected MUTZ-3 cells. Figure 9 shows percent of CD1a+ cells that express 

intracellular 4G2 using either the first (Figure 9A) or the second (Figure 9B) differentiation protocol. 

Results indicate that across all time points (24h and 48h) and MOI (0.1, 0.5 and 1) percent of cells 

expressing 4G2 was 0% or nearly 0% for all three experiments. This suggests that even though 

MUTZ-3 cell line was able to become adequately differentiated, this is not sufficient for ZIKV 

infection.  
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Figure 9. MUTZ-3 Infection with ZIKV was insufficient. MUTZ-3 cells were infected for either 24 
or 48 hours at varying MOI (0.1, 0.5, and 1). Cells were stained with 4G2-FITC in order to assess 
intracellular infection of MUTZ-3 cells. (A) MUTZ-3 cells were differentiated with 150 ng/mL of 
GM-CSF and 50 ng/mL of IL-4, for 7 days (n = 3). (B) MUTZ-3 cells were differentiated using 
cytokines, 100 ng/mL of GM-CSF, 20 ng/mL of IL-4, and 2.5 ng/mL TNFα, for 7 days (n = 1). 
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DISCUSSION 

 

In this study, we first developed human primary DCs flavivirus infectious models to 

understand how viruses (including DENV, ZIKV, JEV and YFV) can infect human DCs and 

modify host cellular pathways leading to different disease development. We used DENV and ZIKV 

to bring additional knowledge for anti-viral/vaccine development. We also used vaccine strains, 

YFV17D and JEV SA14-14-2 to complement our models for DENV and ZIKV. Additionally, 

understanding how effective vaccine strains impact the host cells help to determine which 

pathway(s) could be important to target for an anti-viral or vaccine development. We demonstrated 

that moDCs are sensitive to DENV, ZIKV and JEV infection but not to YFV. In addition to the 

human primary DCs flavivirus infectious model development, we identified the genome-wide 

signaling networks in primary human DCs infected with DENV or ZIKV. Our transcriptomic 

profiles of pure populations of infected moDCs provide an accurate map of the human moDCs 

signaling response during DENV or ZIKV infection. By comparing the transcriptomes of DENV 

infected and ZIKV infected moDCs we have shown that even if these two viruses are genetically 

close they do not have the same impact on the host cells. ZIKV infection upregulate lipid 

metabolism while DENV infection modifies the inflammatory response. 

 

We showed that our in vitro monocytes were differentiated into moDCs. Using these 

moDCs, we show that moDCs were sensitive to DENV-2 (UIS 353), ZIKV (SD001) and JEV (SA-

14-14-2) infection. Other studies are in accordance to our results where they found that moDCs are 

sensitive to DENV3 (VN32/96 strain), ZIKV(PRVABC59) and JEV (Laos strain) (60). In this 

study they use different virus strains but the method of monocyte differentiation is identical to ours. 

The MOI used was identical for all viruses except ZIKV which they used a MOI of 1 while we 
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used a MOI of 0.5. Similarly, they reported a peak of infection at 24 hours for all three viruses, 

however, the percent of 4G2+ or E+ cells was lower in their study for DENV and ZIKV and similar 

to our results for JEV. Similarly, other studies show that moDCs are susceptible to DENV-2 

infection. A different strain is used (DENV-2 New Guinea C strain) and they infect at multiple 

MOI (0.04, 0.1, 1, 10, 20) for 24 hours (61) . The percent of infection for 24 hours is similar but 

lower than our own results likely due to differences in strain or donor. Others have shown that 

moDCs are susceptible to infection by JEV SA14-14-2 and WT strains (62, 63). The vaccine strain 

has been used to infect moDCs that were differentiated in the same manner as described in this 

report, however CD1a expression was not recorded (62). YFV infectious models have been 

conducted by others. Gandini et al, have infected moDCs with YFV17D and show a peak of 

infection at 24 hours when infected at MOI 4. However, differentiation of monocytes to moDCs 

was conducted differently than in our model and CD1a expressing moDCs accounted for 56% of 

cells whereas in our model the percent of CD1a expression was higher than 90% (64). Since an 

alternative differentiation protocol was used and percent of cells expressing CD1a was reduced 

compared to our model, differences in infection reported could be cell dependent due to a non-

homogenous population. Similarly, YFV Asibi and 17D strains have been shown to infect both 

macrophages and mature moDCs. In this study, cells were infected at a MOI 0.1. Peak infection for 

YFV17D and YFV Asibi strain was seen at 3- and 7-days post infection, respectively (65). Live-

attenuated vaccine strain of JEV and YFV are expected to be less virulent and infectious which 

may account for our inability to infect YFV in our model. However, peak viral titer for YFV17D 

was higher than YFV Asibi strain (65) however this is cell type dependent. 

In addition, it is interesting to note that infection seems to vary among cell type. In a 

previous study, our lab has shown that primary human macrophages were not sensitive to infection 

with two different ZIKV clinical isolates (SD001, FSS) (58). Primary human splenic macrophages 
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were sensitive to DENV after 48-hour infection at a MOI 5. However, B and T cells were not 

sensitive to DENV infection (66). Many factors can influence infection, among them are: the virus 

used (strain or serotype), or the cell type infected. 

 

We found that DENV infection modulates the inflammatory response in moDCs. Similar 

results have been obtained in adults patients (67) and in children (68). An increase of inflammatory 

cytokines, IL-10 (67), IL-1β, IL-6 and IL-12 (68) have been described. In human hair follicle 

dermal papilla cells (HFDPC), DENV infection has been shown to activate the inflammatory 

response in vitro. In this study, HFDPCs were infected with a different and high MOI than our 

study and may not represent a biologically relevant model (MOI 10 and 50). This study used a 

different strain of DENV-2 (PL046) and also used DENV-1. DENV-1 and DENV-2 both increased 

the inflammatory response of HFDPCs by inducing expression of pro-inflammatory cytokines, IL-

6, TNFα and IL-12b (69). Similarly, using a DENV-2 clinical isolate, it was shown that TNFα was 

significantly upregulated in non-transformed human fibroblasts (70). ZIKV has been shown to 

upregulate the inflammatory response in THP-1 macrophages (62). Similarly, our lab has 

previously shown that ZIKV upregulates the inflammatory response in monocyte derived human 

macrophages (58) . The inflammation response due to ZIKV infection may be cell type dependent. 

This activation is partly due to stress signals mediated by reactive oxygen species that function as a 

host cell defense against infection. 

 

In our study, we found that ZIKV infection increase the lipid metabolism of moDCs. This 

result is in accordance with a patient study showing that the concentrations of several lipids species 

were increased in the serum of ZIKV infected patients compared to controls (71). Additionally, a 

mapping of host cell protein interactions with ZIKV genome reveals that the ZIKV C protein 
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interactome contains proteins involved in lipid storage and metabolism and C protein was found to 

colocalize with lipid droplets (72). In experiments conducted by our lab, after inhibition of FAS, a 

limiting enzyme implicated in fatty acid pathway, using C75, a decrease in ZIKV infection was 

observed in moDCs (unpublished data). Similarly, lipid homeostasis has been shown to be 

disturbed as a result of DENV infection in mosquito cells (73). After RNA-sequencing, we do not 

observe a modulation of lipid metabolism in DCs after DENV infection, therefore the results 

described by others are likely species and/or cell-type specific. Other flaviviruses have been shown 

to modulate the lipid metabolism such as HCV and WNV (74) (75). HCV infection leads to 

lipogenesis in infected cells. Additionally, HCV used cellular receptors implicated in lipid uptake 

(such as LDL-R or SR-B1) (76). HCV also  used lipid droplets as a platform of its replication (77) 

and it is believed that viral production and secretion are dependent on very low-density lipoproteins 

(VLDL) (74). WNV infection in HeLa increases the amount of unsaturated phosphatidylcholine 

lipids (75). The alteration of lipid homeostasis in host cells creates a proper environment that is 

pivotal to the life cycle of these viruses.  

 

We successfully developed a new flavivirus-DC infection model. In the process we 

identified important pathways modulated by ZIKV and DENV infection and showed that these 

pathways are virus dependent. This explains why even though these viruses are genetically close, 

they can have very different symptoms and disease progression. In our identification of the lipid 

pathways we may be able to target specific genes that allow us to develop a broad pan-flavivirus 

anti-viral treatment to, for example, target ZIKV and DENV simultaneously, since flaviviruses 

utilize the lipid metabolism pathway for replication. In the future, we aim to conduct RNA-

sequencing on JEV for both wild-type and vaccine strains. With this information, we hope to 
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understand JEV infection in relation of other flaviviruses and elucidate what may make JEV 

vaccine strain unique in exhibiting a strong immunogenic response that is long lasting. 
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APPENDIX 

Supplementary tables with reagents and supplies 

Cell culture 

Item Supplier Catalog No. 

MEM-α Life technologies, GIBCO 12-561-072 

Leibovitz L-15 Medium Gibco 11-415-114 

FBS Gemini Bioproducts 100-106 

Penicillin/Streptomycin (P/S) Life technologies, GIBCO 15-140-163 

HEPES Life technologies, GIBCO  BP299100 

0.25% Trypsin-EDTA, phenol red Life technologies, GIBCO  25200056 

50mL Conical tubes Corning 14-432-22 

15mL Conical tubes Corning 14-959-70C 

DMEM, no glucose Gibco 11-966-025 

T175 Vented Thermo Scientific 12-556-011 

T175 Non-vented Thermo Scientific 12-556-014 

T75 Vented Thermo Scientific 12-556-010 

6-Well Plate Corning CoStar 3516 
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12-Well plates Corning CoStar 3513 

24-Well plates Corning CoStar 3520 

96 Well plate round bottom Corning CoStar 3799 

96-Well plate flat bottom Corning CoStar 3596 

Cell counter tube Beckman Coulter Life Sciences 723908 

PBS Corning™ MT-21040-CM 

C6/36 ATCC  

Vero cells ATCC  

BHK-21 cells ATCC  

MUTZ-3 DSMZ  ACC295 

 

Virus concentration 

100K or 50K column Amicon UFC910024 

0.22 µm filter MILLEX GV SLGV033RS 

 

PBMC isolation 

Histopaque®-1077 M&P Biomedical 0219083780 

10x PBS Corning® 46-013-CM 

Molecular grade water Corning® 46-000-CM 
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Monocyte isolation and Differentiation verification 

RPMI 1640 + glutaMAX Gibco 61870-036 

Pan Monocyte Isolation Kit, 

human 

Miltenyi Biotech 130-096-537 

Recombinant human GM-CSF 

(100 µg) 

Pepro Tech 300-03 

IL-4 (100 µg) Pepro Tech 200-04 

Tumor Necrosis Factor-α (TNF-

α) 

Pepro Tech 300-01A 

LS columns Miltenyi Biotech 130-042-401 

Pre-separation filter (30 µm) Miltenyi Biotech 130-041-407 

Auto MACS rinsing solution Miltenyi Biotech 130-091-222 

 

Lipid experiments and Transfection using siRNA 

StemFect RNA Transfection kit Reprocell 00-0069 

SMARTpool:ON-TARGETplus 

FASN siRNA 

Dparmacon L-003954-00-0005 
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SMARTpool:ON-TARGETplus 

SREBF1 siRNA 

Dparmacon L-006891-00-0005 

SMARTpool:ON-TARGETplus 

SREBF2 siRNA 

Dparmacon L-009549-00-0005 

ON-TARGETplus Non-targeting 

Pool 

Dparmacon D-001810-10-05 

Quick-RNA microprep kit Zymo Research 11-328M 

Collection tubes (2 mL) QIAGEN 1016810 

 

cDNA and qRT-PCR 

iSCRIPT cDNA synthesis kit BIORAD 1708891 

iTaq DNA polymerase BIORAD 172520 

 

FACS and Cell sort preparation  

16% Paraformaldehyde Electron microscopy sciences 15710-S 

Saponin Sigma Aldrich 47036-50G-F 

BSA Sigma-Aldrich A3294-100G 

40 µm filter Fisher 08-771-1 



 53 

  

EDTA (0.5 M), pH 8.0, RNase-

free 

Life technologies AM9260G 

Zombie violet fixable viability 

kit 

BioLegend® 

 

423113 

PermWash concentrate  BD Biosciences 51-2091KZ 

Compensation beads Life Technologies 01-2222-42 

Human FcX™True stain(Fc 

Receptor Blocking Solution) 

BioLegend® 422302 

Alexa Fluor 647 labeling kit Invitrogen A20186 

BD cytofix/cytoperm BD Bioscience 554722 

APC anti-human CD1a Antibody Biolegend® 300110 

FITC anti-human CD14 

Antibody 

Biolegend® 301804 

4G2 antibody BIOXCELL Lot#630816D1 

Pierce FITC antibody labelling 

kit 

Thermo Fischer Scientific  53027 

 

RNA isolation  

RNasin® Ribonuclease Inhibitors 

(Rnasine plus) 

Promega N2615 
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10X DNase I Buffer Invitrogen AM8179G 

DNase SIGMA 10104159001 

TE Buffer Invitrogen 12090-015 

Total Nuclei Acid isolation kit Ambion AM1975 

100% Absolute Ethanol Fisher BP2818500 

 

FFA 

CMC Sodium Salt, Medium 

viscosity 

Sigma Aldrich C9481-500G 

Triton-X-100 Sigma Aldrich 9002-93-1 

TruBlue SERA CARE 5510-0030 

Peroxidase AffiniPure Goat 

Anti-Mouse IgG, F(ab')₂ 

fragment specific 

Jackson Immuno Research 115-035-072 

10% Buffered Formalin 

Phosphate 

FISCHER CHEMICAL SF100-4 

 

 

 



 55 

Forward and reverse primer sequences obtained from IDTDNA 

hFASN 

F- ACAGCGGGGAATGGGTACT 

R- GACTGGTACAACGAGCGGAT 

 

hSREBF1 

F- ACAGTGACTTCCCTGGCCTAT 

R- GCATGGACGGGTACATCTTCAA 

 

hSREBF2 

F- AACGGTCATTCACCCAGGTC 

R- GGCTGAAGAATAGGAGTTGCC 

 

hRPLPO 

F- GTGTTCGACAATGGCAGCAT 

R- GACACCCTCCAGGAAGCGA 
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