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Analysis and comparison of the transcriptome of human hepatocytes infected with 

the Yellow Fever virus to verify the transcriptional profile of both genotypes, in 

response to viral infection. The sample used corresponds to strains of YFV code 

H622205, from the state of Goiás-GO (Brazil), a fatal human case isolated from 

the patient's blood and serum. The techniques of cell cultures, extraction of viral 

RNA, sequencing and analysis of transcriptome, as well as the pre-processing of 

both the RNA and transcriptome libraries, mapping and abundance of transcripts 

and statistical analyzes were all performed in the Arbovirology Section of the 

Institute Evandro Chagas.  According to the viral titration, there is a greater 

replication of Genotype II compared to Genotype I. In both infections, we noticed 

that the moment of the lowest viral load is 24 hpi and the highest viral load is 96 

hpi. Regarding the VFA genotype II infecting HepG2, the same tests were carried 

out, but the significance of the statistical test for differential expression was less 

than that found in genotype II.A statistical test of formation of “HeatMap” was 

also performed by the RSEN software. The present study emphasize that this work 

has great value in clarifying differences in the infection of genotype I and II of 

YFV in human hepatocytes, in addition to being a milestone, for presenting the 

first transcriptome of both genotypes of YFV performed in hepatocytes. 
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Introduction 
 

Yellow Fever (YF) is an infectious disease 

transmitted by mosquitoes of the Culicidae 

family caused by the yellow fever virus 

(YFV). This virus is endemic in tropical 

regions of Africa and South America, where, 

according to the World Health Organization 

(WHO), about 200 thousand infections occur 

each year, and 30 thousand result in deaths 

(1). Yellow fever is a zoonosis that affects 

primary non-human primates, humans are 

infected when they enter regions where the 

vector is present, usually forests. Its 

transmission to humans is due to mosquito 

bites of the genus Haemagogus (primary) and 

Sabethes (secondary) in forest areas, the two 

main vectors are Haemagogus janthinomys 

and Haemagogus leucocelaenus (2). In 

addition to these vectors, the species Aedes 

aegypti can also spread the virus in urban 

environments among man-mosquitoes, 

without the need for amplifying hosts (3). 

Thus, the cycle continues until the susceptible 

are exhausted or mass vaccination is carried 

out with the 17D vaccine strain, one of the 

safest and most effective live attenuated virus 

vaccines, blocking transmission. 

 

The YFV penetrates the skin through the 

mosquito bite and is initially replicated in the 

regional lymph nodes. It then spreads through 

the bloodstream to other organs, such as the 

liver, kidneys, bone marrow, nervous system, 

heart, pancreas, spleen and lymph nodes. In 

these organs, where viral replication, lesions 

occur, being more evident in the liver, with 

necrosis, cell apoptosis, macro and micro 

steatosis and central inflamed regions 

(QUARESMA et al., 2006; QUARESMA et 

al., 2005). To analyze viral isolation, blood or 

serum is collected from patients and collected 

within the fourth day of the disease. These can 

be inoculated in animal cell cultures, such as 

VERO and BHK-21 cells, and in mosquito 

cell cultures, such as TRA-284, C6 / 36 and 

AP-61, in addition to newborn mice or 

mosquitoes. Its identification can be 

performed through serological tests, such as 

neutralization (TN), inhibition of 

hemagglutination (HI), complement fixation 

(FC), indirect immunofluorescence (IF) and 

immunoenzymatic assay (EIA)(6). 

 

The immune response caused by most 

flaviviruses occurs after inoculation by the 

mosquito bite, the first round of viral 

replication appearing in dendritic cells and 

then migrating to the lymph nodes, where the 

antigen is presented to CD4+ T lymphocytes, 

viruses replicate and then the infection 

spreads. At this point it is known that there are 

substances in the mosquitoes saliva that 

negatively regulate the production of IFN-γ 

and positively IL-4 and IL-10 (7–9). At the 

beginning of the YFV infection, IgM 

antibodies appear until the second week of the 

disease, followed by a rapid decline over a 

few months. Neutralizing antibodies emerge 

quickly after the virus enters until the end of 

viremia, persisting for many years. It is also 

known that infection by YFV can cause cross-

protection with other flaviviruses (10,11). It is 

also known of the great importance of IFN 

types I and II in inhibiting infection by 

flavivirus. Type I IFN (α and β) blocks 

infection, negatively regulating the translation 

and replication of the viral RNA. Type II IFN 

(IFN-γ) inhibits replication by generating 

inflammatory and antiviral molecules, such as 

nitric oxide (12–14).  

 

Viruses have evolved mechanisms that 

attenuate IFN production that already being 

demonstrated in the Hepatitis C virus (HCV), 

blocking the transcriptional response of IFN-

α(15). The complement system also inhibits 

viral growth from various mechanisms, such 

as lysing the envelope of viral particles (C5-

C9), generating pro-inflammatory peptides 

(C3a and C5a), promoting viral elimination 

after opsonization and facilitating the 
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presentation of antigens by the C3 molecule 

(16–20). YFV infection can cause damage to 

the liver, heart, kidneys, central nervous 

system and especially the liver. Quaresma et 

al., (2005) describes the histopathological 

characterization of the liver showing necrosis, 

steatosis and apoptosis of liver cells. The 

presence of central regions with inflammatory 

infiltrate is also described, with CD4 + and 

CD + 8 T lymphocytes in place that bind to 

the FasL ligand, inducing cell apoptosis 

(QUARESMA et al., 2005). Other apoptosis 

cells are CD45RO, CD20, S100, CD68 and 

CD65 (21). 

 

Despite the good description of the immune 

response to YFV to date, there is no 

characterization of post transcriptional 

variations of cellular RNAs in an infection. 

RNA processing is known to be one of the 

main factors involved in differentiation and 

complex cellular functionality (22). A study 

developed with the Dengue virus described 

several post-transcriptional modifications and 

isoforms of genes after infection by the virus, 

indicating the differentiation in the 

characterization of the cellular response (23). 

An example of a gene that is regulated by the 

Dengue virus is XBP1, which expresses a 

transcription factor regulating MHC class II 

genes, which is extremely important in 

cellular immunology (24). 

 

Transcriptome studies were carried out on 

Aedes aegypti mosquitoes infected with the 

Dengue, Yellow Fever and West Nile viruses. 

It was verified around 203 genes that had a 

regulation increased up to 5 times and around 

202 genes that had a regulation reduced up to 

10 times with functions transport, metabolic 

processes, peptidase activity, sexual 

determination and ion bond proteins. Among 

these genes, 20 genes showed similar 

regulation in infection by the three viruses 

(25,26). In transcriptome it was also found 

that some important genes in the production of 

cytokines can be regulated positively or 

negatively in a viral infection. As an example 

the Tick-Borne Flavivirus, which in an 

analysis in renal cells, it was seen that the 

oncogenes AKT2 and ERBB2, TNF-α and 

CXCL10 are up-regulated, whereas the Type I 

Interferon genes were down-regulated (27). 

 

Yellow fever is a public health problem, 

however little is known about how viruses can 

influence gene expression in infected cells, 

often hampering the immune response, such as 

decreasing cytokines and preventing 

apoptosis. In some other cases, the reverse 

may occur, where genes essential for cell 

metabolism and viral defense are activated. 

Because of this, we propose an analysis and 

comparison of the transcriptome of human 

hepatocytes infected with the Yellow Fever 

virus to verify the transcriptional profile that 

occurs, of both genotypes, in response to viral 

infection. 

 

Materials and Methods 
 

This work did not use animals, humans or the 

environment as a direct object, so it is not 

necessary to be evaluated by the ethics 

committee. Only viral samples previously 

collected and isolated from cell cultures 

belonging to the Evandro Chagas Institute, 

Section of Arbovirology and Hemorrhagic 

Fevers (SAARB / IEC) were used. 

 

The sample used corresponds to strains of 

YFV code H622205, from the state of Goiás-

GO (Brazil), a fatal human case isolated from 

the blood and serum of the patient. YFV 

positivity has been previously tested by 

immunofluorescence. 

 

Cell culture 

 

Vero cell culture was performed using 199 

medium with the addition of 2.2 g / L of 

sodium bicarbonate, penicillin (100 U / mL) 
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and streptomycin (100 μg / mL). For cell 

growth, fetal bovine serum, 5%, SBF, and 

maintenance serum, 2%, were used. Viral 

strains have been used to infect up to two 

passages in Vero. For passages and viral stock 

the viral inoculum was used in a multiplicity 

of infection (moi) of 1.  

 

After 4-6 days post-inoculation the 

supernatants were centrifuged at 8,000 RPM, 

for 20 minutes at 4 ° C and separated for viral 

titration. 

 

HepG2 cell cultures were used because they 

are considered excellent cultures and widely 

used for experimental studies with flavivirus, 

including studies on secretome(28), 

proteomics (29), internalization and viral 

propagation by specific serotypes (30) and 

expression of genes involved in innate 

immunity (31), miRNAs (32), among others. 

 

HepG2 cultures were carried out in Dulbecco's 

modified Eagle medium (DMEM), plus 1.5 g / 

L sodium bicarbonate, Hepes (10 mM), L-

glutamine (2 mM), pH 7, two. The cultivation 

subculture was carried out when the 

monolayer confluence is approximately 70%. 

The cells were incubated in growth medium 

for up to 72 hours before inoculation. 

 

For inoculation, the growth medium was 

removed, and the monolayers washed twice 

with PBS, and inoculated with MOI 1, for this 

the viral samples were diluted in a medium 

similar to that of maintenance, but with 2% 

SBF, standardizing a volume. The bottles were 

incubated for 1 hour in a 37 ° C oven at 5% 

CO2 and regularly shaken. After viral 

adsorption, the viral inoculums were removed 

and the monolayers washed up to twice with 

PBS, after which 8 ml of maintenance medium 

was added, and finally incubated in a 37 ° C at 

5% CO2 for up to 96 hours. Every 24 hours 

post infection (hpi), a bottle was removed for 

the extraction of mRNAs and viral titration. 

RNA extraction 

 

The mRNAs were extracted with the 

Maxwell® 16 Cell LEV RNA Purification Kit 

(Promega® / USA) from the suspension of 

infected cultures, following the manufacturer's 

recommendations every 24 hpi, up to 96 hpi. 

The viral RNA was extracted by the 

Maxwell® 16 Viral Total Nucleic Acid 

Purification Kit (Promega® / USA), following 

the manufacturer's protocol. Quantification of 

viral RNA was previously performed by (33). 

 

Transcriptome sequencing and analysis 

 

The long RNA libraries were built from 300 

ng of total RNA extracted from infected cells 

and the negative control (Mock) was enriched 

for poly-A using the Dynabeads® mRNA 

DIRECT ™ Purification Kit (Ambion, USA) 

according to manufacturer's recommendations, 

and ribosomal RNA (rRNA) depletion was 

performed using the TruSeq Stranded Total 

RNA kit (Illumina) according to the 

manufacturer's standard protocol.  

 

The sequencing was done on the NEXTSEQ 

550 platform (Illumina), sequencing the 100 nt 

clones in the sense and antisense direction (2 x 

100 nt). The sequencing results were made 

available in Fastq format and analyzed in the 

Galaxy online system (https://usegalaxy.org). 

 

Pre-processing of small RNA libraries 

 

The libraries were submitted to a quality filter 

using the FastQC script (34), available in the 

Galaxy package (https://usegalaxy.org). The 

parameters -q 20 and -p 60 were used, which 

define the minimum quality and the 

percentage of the total number of bases that 

have the minimum quality stipulated, 

respectively. The sequences that were passed 

through the quality filters were subjected to 

the removal of adapters using the 

Trimmomatic software (35). Sequences less 
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than 15 nt were discarded after removing the 

adapters. 

 

Pre-processing of transcriptome libraries 

 

In the case of long RNA libraries, the raw 

sequences are being subjected to a quality 

filter and removal of the adapters using the 

Trimmomatic software (35) with the 

LEADING parameters: 3 TRAILING: 3 

SLIDINGWINDOW: 4: 15 MINLEN: 36, 

which indicate the removal of 3 low quality 

bases at the 5 'and 3' ends, the removal of 

portions in the sequence that are less than 15, 

and the removal of sequences that after the 

quality filters are less than 36. 

 

Mapping and abundance of transcripts 

 

The mapping of the transcriptome libraries 

against the reference genome was performed 

using the protocol described by Trapnell et al., 

(2012) (36) with adaptations for faster 

software, for this, the HISAT2 package 

version 2.1.0 (37). 

 

Using the HISAT2 output files, the relative 

expression of the genes annotated in the 

genome was estimated using the RSEM 

package (38), to performe a Timeframe. For 

normalization between libraries, the quartile 

and blind dispersion method were selected as 

a parameter. The quantification of gene 

expression is given as the frequency of 

fragments mapped per kilobase of the gene per 

million sequences mapped in the reference 

(FPKM - Fragments Per Kilobase of exon per 

Million reads mapped), corrected according to 

the maximum probability of the mapping 

happening in the gene locus to the alternative 

loci.  

 

The file Homo_sapiens.GRCh38.94.gtf was 

used as the reference genome, available on the 

NCBI online platform 

(https://www.ncbi.nlm.nih.gov/). 

Enrichment analysis 

 

From the normalized gene expression between 

the libraries, the process enrichment analysis 

was performed with the EdgeR(39) on the R 

project platform. The values were normalized 

based on the size of the set of genes contained 

in each process and the rate of false positives 

for each process is determined. At the end of 

the process, graphics representing the 

differential expression between the days of 

infection and the Mock were generated for 

comparison. 

 

Statistical analysis 

 

Statistical analyzes were performed using the 

PrismGraph 6.0 software (GraphPad Prism® 

INC, EUA). The titration results, including the 

viremic curve, were performed by Holanda et 

al., (2017) (33).  

 

Results and Discussion 

 

Viral titration  

 

According to the viral titration, there is a 

greater replication of Genotype II compared to 

Genotype I. In both infections, we noticed that 

the moment of the lowest viral load is 24 hpi 

and the highest viral load is 96 hpi (Figure 1) 

(33). 

 

Yellow Fever Genotype I 

 

Differential expression 

 

After using Trimmomatic and aligning with 

the HISAT2 (https://usegalaxy.org/), 

differential expression was performed between 

the infected samples and the MOCK (negative 

control) by EdgeR with a value dispersion up 

to 0.4, we obtained for the samples 24 hpi X 

MOCK, 48 hpi X MOCK, 72 hpi X MOCK 

and 96 h X MOCK the results shown in figure 

2. 

https://www.ncbi.nlm.nih.gov/
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According to the results, it is noticed that there 

are several genes significantly expressed (red 

dots) and some more rarely expressed (red 

dots closer to the center) (Figure 2). 

 

In addition to these analyzes, a statistical test 

of Heat Map formation was performed by the 

RSEN software, presenting the following 

results (Figure 3). 

 

Yellow Fever Genotype II 

 

Regarding the VFA genotype II infecting 

HepG2, the same tests were carried out, but 

the significance of the statistical test for 

differential expression was less than that 

found in genotype II. As shown in figure 4. 

 

A statistical test of formation of “HeatMap” 

was also performed by the RSEN software, 

presenting the following results (Figure 5). 

 

Related to genotype I, it is important to point 

out that it was possible to observe a 

differential change between the samples and 

the control, with a greater number of changes 

occurring at 24 hpi and 48 hpi (shown by the 

red dots - Figure 2), this was due to the the 

fact that 24 hpi there are about 350 targets 

(genes) (Figure 2 B) more expressed in 

relation to other hours and at 48 hpi there are 

about 228 targets (Figure 2 B) more than in 

the 72 hpi and 96 hpi periods. 

 

If we relate this information to the virus 

replication period (shown in Figure 1), it is 

possible to understand that these targets must 

be present positively in the viral replication 

process, facilitating the replication of the virus 

in the infected cells or negatively making a 

cellular attempt to avoid the replication 

process. 

 

As shown in figure 3, the colors in the 

"gradient" to the purple color are related to 

isoforms where it is possible to observe a 

greater number of them in relation to another 

day of infection. If we focus our attention on 

the second column and the line related to 24 

hpi, it presents the greatest number of changes 

in relation to the other days with MOCK. In 

addition, if we analyze the 24 hpi line, this 

period is really the one that has the greatest 

difference in relation to other days, as it is 

clear that the quadrants related to the 

comparison of isoforms are tending to purple.  

 

Fig.1 Viral titration performed by RT-qPCR in experimentally infected HepG2 cells, from 24 to 

96 hours post-infection. Samples were normalized in relation to MOCK (negative control). p 

<0.0001 (33) 
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Fig.2 Differential expression between the sample of cells infected by the YFV genotype I A. 24 

hpi X MOCK, B. 48 hpi X MOCK, C. 72 hpi X MOCK and D. 96 hpi X MOCK. The dots 

demonstrate the genes that were found in the reads. The red dots represent the genes significantly 

expressed. log Counts: number of reads counted in log p <0.05 
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Fig.3 HeatMap showing the significance values for each sample (24, 48, 72 and 96hpi) 

compared to MOCK and among them of HepG2 cells infected with the YFV genotype I. 
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Fig.4 Differential expression between the sample of cells infected with YFV genotype II. A. 24 

hpi X MOCK, B. 48 hpi X MOCK, C. 72 hpi X MOCK and D. 96 hpi X MOCK. The dots 

demonstrate the genes that were found in the reads. The red dots represent the genes significantly 

expressed. logCounts: number of reads counted in log p <0.05 
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Fig.5 Heat Map showing the significance values for each sample (24, 48, 72 and 96 hpi) 

compared to the Mock and among them of HepG2 cells infected with the YFV genotype II. 

 

 
 

According to the results, it is noticed that there 

are few genes significantly expressed (there 

are no red dots) in genotype II. From the most 

distant and closest genes to the center, those 

that have a proven relationship with viral 

infections and others with cell maintenance 

will be chosen for further analysis for the 

publication. 

 

It is noticeable that the pattern of isoforms 

linked to the transcripts between genotype I 

and genotype II are similar, where at 24 hpi it 

is possible to recognize a greater number of 

significant isoforms in relation to MOCK and 

other periods of infection.  

 

From the data presented, it was seen that there 

is greater differential expression of genes in 

cells infected by the genotype. 

 

Few studies have carried out the transcriptome 

of cells infected by arboviruses, mainly in 

human cells, thus representing little 

information for comparison with other cells 

and other arboviruses.  
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Other authors focus on the relationship of 

gene expression in mosquito cells, which have 

immunological differentiation compared to 

human cells (26). Studies focused on vaccine 

strains (17D) are also found, but it is known 

that it induces an immune response similar to 

pathogenic viruses (40). But of great 

importance for the development and 

understanding of vaccines.  

 

A direct analysis of infections in monkeys of 

the Macaca mulata species, induction of 

pathways associated with apoptosis, similar to 

that already presented in human cells, 

deregulation of innate immune response 

genes, inhibition of lymphocytes, interruption 

of ion binding (zinc) (33,41–43).  

 

We emphasize that this work has great value 

in clarifying differences in the infection of 

genotype I and II of YFV in human 

hepatocytes, in addition to being a milestone, 

for presenting the first transcriptome of both 

genotypes of YFV performed in hepatocytes. 

In the future, gene by gene will be analyzed 

for a publication where it will be incorporated 

into the genotypic differential analysis and the 

pattern of immune response by mRNA 

expression. 
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