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Abstract: Flaviviruses are constantly evolving diverse immune evasion strategies, and the exploitation
of the functions of suppressors of cytokine signalling (SOCS) and protein inhibitors of activated
STATs (PIAS) to favour virus replication has been described for Dengue and Japanese encephalitis
viruses but not for yellow fever virus (YFV), which is still of global importance despite the existence
of an effective vaccine. Some mechanisms that YFV employs to evade host immune defence has been
reported, but the expression patterns of SOCS and PIAS in infected cells is yet to be determined.
Here, we show that SOCS1 is down-regulated early in YFV-infected HeLa and HEK 293T cells, while
SOCS3 and SOCS) are not significantly altered, and PIAS mRNA expression appears to follow a
rise-dip pattern akin to circadian-controlled genes. We also demonstrate that YFV evades interferon-[3
application to produce comparable viral titres. This report provides initial insight into the in vitro
expression dynamics of SOCS and PIAS upon YFV infection and a basis for further investigation into
SOCS/PIAS expression and how these modulate the immune response in animal models.

Keywords: yellow fever virus; suppressors of cytokine signalling (SOCS); protein inhibitors of
activated STATs (PIAS); flavivirus

1. Introduction

Upon flavivirus infection, viral RNA sensing in cells via pathogen recognition receptors (PRR)
triggers the release of type I interferons (IFNs), which bind to their cognate receptors to activate the
janus kinase/signal transducer and activator of the transcription (JAK/STAT) signalling pathway [1].
JAK/STAT activation leads to a signalling cascade that eventually results in the transcription of several
interferon stimulated genes (ISGs) to establish antiviral status that limits the rate of replication and
spread of viruses to neighbouring cells [2]. The JAK/STAT pathway is, however, tightly regulated by
suppressors of cytokine signalling (SOCS) [3] and protein inhibitors of the activated STATs (PIAS) [4]
family of proteins, among other regulatory proteins to forestall an over-exaggerated immune response.
There are eight SOCS (SOCS 1-7 and CIS) and four PIAS (PIAS 1-4) proteins described so far, but much
of our current understanding of their functions is based on what is known on SOCS1, 2, and 3. SOCS
and PIAS proteins down-regulate JAK/STAT signalling via negative feedback inhibition among other
mechanisms, either by binding to JAKs and channelling them to proteasomal degradation, or by
binding to STATs to cause a conformational change that prevents STAT binding to DNA recognition
elements [5,6].

Viruses have adopted many strategies, including the exploitation of the regulatory functions
of SOCS and PIAS proteins as a means of evading host innate immune response, which has been
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described in Hepatitis C virus (HCV), Human immunodeficiency virus (HIV), Dengue virus (DENV),
and Japanese encephalitis virus (JEV) infections [7,8]. DENV and JEV, both members of the Flaviviridae
family, up-regulate SOCS levels 1 and 3 to evade host innate immune response in epithelial cells and
macrophages [8-10].

Yellow fever virus (YFV) is the prototypical member of the Flaviviridae family and is endemic
in tropical countries but has recently caused outbreaks on almost every continent. In Africa, where
it is transmitted mainly through the bite of the Aedes mosquito, YFV is estimated to infect about
200,000 people, resulting in about 30,000 deaths annually [11]. There is a very effective vaccine against
YFV—YF-17D—that has, since its development in the 1930s [12], been administered to offer protection
to over 600 million people [13], albeit with extremely rare cases of vaccine-associated disease [14].
Despite the existence of a very effective vaccine, YFV still causes widespread disease with recent
outbreaks in Brazil, Paraguay, Nigeria, Congo, and Uganda, mostly due to increased deforestation,
a huge unvaccinated population, and the unavailability of the vaccine, which has compelled the vaccine
to be used at a fractional yet effective dose in recent vaccination campaigns [15]. The Production of
YF-17D is done in embryonated chicken eggs, a laborious and time-consuming technique that has, since
its establishment and standardisation in the 1940s, remain unchanged [16]. Attempts have been made
to fine tune production in mammalian cell culture models [17,18] but there are concerns of reversal of
the attenuated phenotype [13].

The existence of an effective vaccine that was derived directly by serial passages of the wild type
pathogenic strain offers an excellent model to study two very closely related yet clinically different
viruses. We thought it interesting to determine if YFV modulates the gene expression of these regulatory
proteins—SOCS and PIAS. Genomic data on Asibi and YF-17D indicate amino acid changes in key
viral proteins [19] and, for example, changes in the Envelope (E) protein has been reported to impact
the replicative ability, viral entry, endocytic trafficking routes, and innate immune response differences
observed with these two virus strains [20]. We wondered whether these two related virus strains
would interact differently with the JAK/STAT pathway via SOCS and PIAS. In this study, we report the
mRNA expression dynamics of selected SOCS and PIAS genes and associated viral replication in a
time-course series for the two YFV strains (Asibi and YF-17D) in HeLa and HEK293T cells.

2. Materials and Methods

2.1. Cell Lines and Viruses

HeLa and Vero cell lines and YFV (Asibi and YF-17D) were kind gifts from Dr Kenneth Plante
of the World Reference Centre for Emerging Viruses and Arboviruses (WRCEVA, UTMB, Texas, TX,
USA). HEK293T cells were purchased from ATCC (Manassas, VA, USA).

HeLa, Vero and HEK293T cell lines were cultured in Dulbecco Modified Eagle medium (DMEM)
(Sigma-Aldrich, Gillingham, UK), supplemented with 1% L-glutamine (Sigma-Aldrich), 1% penicillin
streptomycin and 10% foetal bovine serum (FBS) (Sigma-Aldrich), and incubated at 37 °C, 5% CO,.

Lyophilized YFV (Asibi and YF-17D) were reconstituted with 1x PBS, propagated on Vero cells
and harvested 5 days post-infection. Cultures were centrifuged to recover supernatants and virus
concentrated by mixing the supernatant with 4x polyethylene glycol and incubating overnight at 4 °C.
The mixture was centrifuged at 1600x g for 60 min at 4 °C and the pellet containing concentrated viral
particles was resuspended in PBS. The suspensions were aliquoted into 1 mL cryovials and stored at
—80 °C until use.

2.2. Experimental Design

HeLa or HEK293T cells were seeded at 100,000 cells per well in 6-well plates, and three of the
wells were then stimulated with 1000 IU of IFN-f3 (Sigma-Aldrich) for 6 h, as described elsewhere [8].
The remaining three wells were not stimulated but incubated with basal medium without FBS
and antibiotics (the same medium in which IFN-3 was reconstituted). A pair of stimulated and
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un-stimulated wells were then infected with Asibi or YF-17D at MOI of 1 or left uninfected for 1
hr. The cells were then washed with PBS and incubated with DMEM supplemented with 2% FBS,
1% L-glutamine and 1% penicillin/streptomycin at 37 °C and 5% CO,. Four similar setups were made for
four time points (3, 12, 24, and 48 h post-infection (hpi)). At each time point, culture supernatants were
aspirated into vials and stored at —80 °C until virus quantification was done by plaque assay. RNA was
extracted from cells and kept at —80 °C until used for RT-qPCR. Two independent experimental setups
were performed.

2.3. Plaque Assay

Vero cells were cultured in 24-well plates until 90% confluency and ten-fold serial dilutions of
culture supernatants were made in DMEM supplemented with 2% FBS, 1% L-glutamine and 1%
Penicillin/Streptomycin in the order of 107! to 107°. Cells were washed with PBS and infected with
the ten-fold serially diluted viral samples and incubated at room temperature for 60 min. Thereafter,
cells were washed with PBS, filled with a 1:1 mixture of 1% agarose and 2x DMEM supplemented
with 10% FBS, 1% L-glutamine and 1% penicillin/streptomycin and incubated at 37 °C, 5% CO, for
4 days. On the fourth day, plates were fixed by overlaying agarose with 10% formaldehyde at room
temperature for 60 min. Formaldehyde was poured off and agarose overlay was removed gently
without disturbing the adhered cells. Cells were then washed with PBS and stained with 1% crystal
violet. Plaques were counted and virus titre estimated in pfu/mL Negative control wells were without
virus inoculations.

2.4. RT-qPCR

Total RNA was extracted from cells using Quick RNA miniprep extraction kit (Zymo Research,
Irvine, CA) following the manufacturer’s instructions and quantified at A260/280 on spectrophotometer
(NanoDropTM One/OneC, ThermoFisher, United Kingdom). Extracted RNA was either used for
downstream analysis on the same day or stored at —80 °C for later use. cDNA was made by reverse
transcription and real time PCR was performed in a single step using the Luna Universal One-Step
RT-qPCR kit (New England Biolabs, Ipswich, MA, USA) following the manufacturer’s instructions
with the following cycling conditions: 55 °C for 10 min; 95 °C for 1 min; 95 °C for 10 s; 60 °C for
60 s; 40 cycles. The RT-qPCR reactions were performed in triplicates per sample for two independent
experiments. RNA expression of target genes (SOCS, PIAS and antiviral molecules) were expressed as
fold change in relation to the expression level of the endogenous gene, f-actin using the 224t relative
expression formulae. All the primers that were used in this study are listed in Table 1.

Table 1. List of primers used in RT-qPCR.

Name 5’-Sequence-3’

IFN-a F TCGCCCTTTGCTTTACTGAT
IFN-oc R GGGTCTCAGGGAGATCACAG

MxA F CAGTTGAGGGCAAGGAGTGT

MxA R ATGCCAGGAACCCACATACG
OAS1F AGCAACAGTGCAGACGATGA
OAS1R TTGGCTCTGTGCCTTGAAGT
PIAS1 F GCAGACTTGTCCATCCCCAA
PIASI R ACTGGGTCAAAGTAAAAGCCT
PIAS4 F CTGGCACTTCCCATACCTGT
PIAS4 R GGGATGGGAGAAGGACTAGC
B-Actin F ATGATATCGCCGCGCTCGTC
B-Actin R CGCTCGGTGAGGATCTTCA
SOCS-1F AGACCCCTTCTCACCTCTTG
SOCS-1R CTGCACAGCAGAAAATAAAGC
SOCS-3 F TCCCCCCAGAAGAGCCTATTAC
SOCS-3R TCCGACAGAGATGCTGAAGAGTG
SOCS-5 F AGTCAAAGCCTCTCTTTTCC

SOCS-5R ACTGAACCTGACCGTACACATTTTTGGGCTAAATCTGA
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2.5. Western Blot Analysis

HeLa cells were stimulated with 1000 IU of IFN-f3 and cells were collected at determined
time points. Cells were lysed in lysis buffer (1% 50 mM Tris-HCI, 150 mM NaCl, Triton-X 100)
with protease inhibitors for 30 min at 4 °C. Protein estimation was performed by the BCA method
and equal amounts (20 pg) of protein were separated on a 12% gel by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE). Separated proteins were transferred from the gel
to polyvinylidene difluoride (PVDF) membrane and probed with phospho-STAT1 (Y701) or 3-actin
rabbit monoclonal antibody (Cell signalling, Beverly, MA, USA) with gentle shaking at 4 °C overnight.
Respective HRP-conjugated anti-rabbit antibodies were used as secondary antibodies (Cell signalling,
Beverly, MA, USA). Detection was performed using ECL Plus Western blot detection reagents (Pierce,
ThermoFisher) following the manufacturer’s instructions. Images, as presented in Supplementary
Figure S1, were acquired on a Amersham imager 680 (GE, United Kingdom) machine.

2.6. Statistical Analysis

Results are presented as mean + SEM. Repeated measures two-way ANOVA and Tukey’s multiple
comparison tests were performed using Graph Pad Prism version 7.0a for Mac OS X (GraphPad
software, San Diego, California, USA) to determine differences between groups.

3. Results

3.1. IFN- Inhibits both YFV Strains at Later Time Points whilst YF-17D Replicates More Efficiently

The prior addition of IFN-f to cells before YFV infection inhibited the replicative ability of both
wild type Asibi and vaccine strain YF-17D only in later time points, indicating that YFV was able to
evade IFN treatment early in infection. Virus replication in IFN-f3 treated cells was comparable to virus
replication in untreated cells in early time points, except at 48 hpi, where a significant difference in
virus titre was observed between IFN-{ treated and untreated cells. At 48 hpi, virus replication in
IFN-p treated cells is about half the replication titre in untreated cells, as shown in Figure 1.Throughout
the 48-h time course experiment, although both virus strains were inoculated at the same MOI of 1,
YE-17D replicated faster and formed significantly more viral particles than the wild type Asibi strain
(p < 0.0001), as shown in Figure 2.

10000~ 1.5%107
-e- IFN-B + Asibi -o- IFN-B +YF-17D *
—_ dekkk ey
T-:-' 80001 -m- Asibi 751 - YF-17D
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Figure 1. Interferon-f limits the replication of both Asibi and YF-17D viruses at later time points. HeLa
cells were either stimulated or not with IFN-f for 6 h and were either infected with Asibi (A) or YF-17D
(B) at MOI = 1. Culture supernatants were aspirated at indicated time points and viral titre determined
by plaque assay. Result is indicative of two independent experiments performed in duplicates. Data are
presented as mean + SEM. * = p < 0.05, **** = p < 0.0001. IFN = interferon-f3.
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Figure 2. YF-17D infects and replicates more efficiently than Asibi strain in HeLa cells. HeLa cells
were infected with Asibi or YF-17D at MOI = 1. Culture supernatants were aspirated at indicated time
points and viral titre determined by plaque assay. Result is indicative of two independent experiments
performed in duplicate. Data are presented as mean + SEM. **** = p < 0.0001.

3.2. Expression Dynamics of SOCS Genes

To study the expression kinetics of SOCS and PIAS genes, we opted to use HeLa and HEK293T
cells, as has been used previously to investigate virus replication and innate response with these same
two virus strains [20].

In both cell lines (HeLa and HEK293T), Asibi down-regulated the mRNA levels of SOCS1 in both
early on (3-12 hpi) and at 24 hpi. YF-17D also down-regulated SOCS1 mRNA level in HeLa cells in
both the early (12 hpi) and late phases (24—48 hpi) of infection, and in the early phase of infection in
HEK293T cells, but SOCS1 mRNA level increased by four-fold in the later phase of infection (48 hpi),
as shown in Figure 3B.

Asibi infection up-regulated the expression of SOCS3 by about 2-folds in both the early and late
phase (24 hpi) of infection in HeLa cells, whilst YF-17D down-regulated SOCS3 levels at initial (3 hpi)
and later phases (48 hpi) of infection but the expression was not altered between 12 hpi and 24 hpi in
HelLa cells (Figure 3C). In HEK293T cells, SOCS3 mRNA expression was generally not affected by both
Asibi and YF-17D except for a one-time increase in YF-17D infected cells at initial phase of infection
(3 hpi) (Figure 3D).

Both Asibi and YF-17D up-regulated SOCS5 expression by ~1.5-folds during the early phase of
infection in HeLa cells (3—12 hpi) but levels decreased below the expression in control cells in the late
phase of infection (24-48 hpi) (Figure 3E). In HEK293T cells, mRNA expression levels of SOCS5 was
not affected in Asibi infected cells but SOCS5 was up-regulated in YF-17D infected cells by 3-folds at
12 and 48 hpi and by 8-folds at 24 hpi (Figure 3F).
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Figure 3. Expression dynamics of SOCS genes. Hela and HEK293T cells were infected with either
Asibi or YF-17D at MOI = 1. Positive control cells were stimulated with IFN-$ while unstimulated
uninfected cells served as negative controls. At the indicated time points, cells were processed,
and RNA extracted. Expression levels of SOCS1 (A,B), SOCS3 (C,D) and SOCS5 (E,F) were determined
by RT-qPCR and expressed as fold change difference with 3-actin as endogenous control. Data represent
two independent experiments performed in triplicates and are presented as mean + SEM. * = p < 0.05,

= p <0.01,** = p <0.001, *** = p < 0.0001.

3.3. Expression Dynamics of PIAS Genes

Asibi up-regulated PIAS1 expression about 3-6 fold during early phase (3-12 hpi) of infection,
but the expression decreased to basal levels in the late phases (24—48 hpi) of infection in HeLa cells,
as shown in Figure 4A. Similarly, in YF-17D infected HeLa cells, PIAS1 expression was up-regulated
2-fold during the early phase of infection and then decreased in the late phase of infection, as shown
in Figure 4A. In Asibi-infected HEK293T cells, nRNA expression of PIAS1 was up-regulated in the
late phase of infection but not affected in the early phase, whereas YF-17D infection up-regulated
PIAST mRNA expression 6-fold at one-time point of 3 hpi but dropped to basal levels for the remaining

infection time course, as shown in Figure 4B.
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Figure 4. Expression dynamics of PIAS genes. Hela and HEK293T cells were infected with either Asibi
or YF-17D at MOI = 1. Positive control cells were stimulated with IFN-3 while unstimulated uninfected
cells served as negative controls. At the indicated time points, cells were processed, and RNA extracted.
Expression levels of PIAS1 (A,B) and PIAS4 (C,D) were determined by RT-qPCR and expressed as fold
change difference with (-actin as endogenous control. Data represent two independent experiments
performed in triplicates and are presented as mean + SEM. * = p < 0.05, ** = p < 0.01, ** = p < 0.001,
wot = p <0.0001.

mRNA level of PIAS4 was mostly down-regulated during early phase (3—12 h) but up-regulated
in the late phase (24-48) of infection in both Asibi and YF-17D infected HeLa and HEK293T cells,

as shown in Figure 4C,D.

3.4. Expression Dynamics of Antiviral Molecules

There was no increase in IFN-« levels observed in cells infected with YF-17D across all time points,
as shown in Figure 5. However, in Asibi infected cells, IFN-a expression remained at basal levels
during early phase (3-12 h) of infection but elicited a 1.5-fold increased expression in late phases of
infection (2448 hpi), as shown in Figure 5. MxA was up-regulated at the early (3 hpi) and late phases
(2448 hpi) of Asibi infection peaking 5-fold at 3 hpi. MxA mRNA levels increased gradually from a
down-regulated state at 3 hpi to peak at 48 hpi by a 3-fold increase in expression in YF-17D infected
cells, as shown in Figure 5. The expression of OAS1 in both Asibi and YF-17D infected cells seem
to exhibit a cyclical pattern with a sharp rise in expression at 3 and 24 hpi (peaking at 3 hpi with a
5-fold increase for Asibi, and 24 hpi with a 2-fold increase for YF-17D), and a little dip at 12 and 48 hpi.
Generally, the expression levels of all examined antiviral molecules (IFN-a, MxA and OAS1) were
higher in Asibi infected cells than YF-17D infected cells throughout the infection time course, as shown

in Figure 5.
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Figure 5. Asibi elicits higher innate antiviral response than YF-17D. Hela cells were infected with
Asibi or YF-17D at MOI = 1. At the indicated time points, cells were processed, and RNA extracted.
Expression levels of antiviral molecules IFN-a (A), MxA (B) and OAS1 (C) were determined by RT-qPCR
and expression levels expressed as fold change compared to the expression levels in mock uninfected
HelLa cells with S-actin as endogenous control. Data represent two independent experiments performed

in triplicates and are presented as mean + SEM. * = p < 0.05.

3.5. Effect of IFN-f on YFV Induction of Antiviral Molecules

With the observation that the vaccine strain YF-17D elicited a reduced innate immune response,
the effect of interferon stimulation on HeLa cells, prior to viral infection was investigated. The expression
levels of antiviral molecules assayed (MxA and OASI) were generally higher when cells were stimulated
with interferon-f3 prior to YF-17D infection, as shown in Figure 6B,C. However, in Asibi infected
cells, mRNA expression levels of antiviral molecules assayed (MxA, OAS1) were significantly higher
(p < 0.05) in un-stimulated cells than in IFN-{3 stimulated cells, as shown in Figure 6D-F.
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Figure 6. Effect of IFN-p on YFV induction of antiviral molecules. Hela cells were either or not
stimulated with IFN- for six hours and subsequently infected with YF-17D or Asibi at MOI = 1.
IFN-B-stimulated and un-stimulated uninfected cells served as stimulated/positive and mock controls,
respectively. At the indicated time points, cells were processed, and RNA extracted. Expression levels
of antiviral molecules IFN-a (A,D), MxA (B,E) and OAS1 (C,F) were determined by RT g-PCR and
expression levels expressed as fold change compared to the expression levels in mock uninfected HeLa
cells with -actin as endogenous control. Data are representative of two independent experiments
performed in triplicates and are presented as Mean + SEM. * = p < 0.05, ** = p < 0.01,*** = p < 0.001.
IFN = interferon-f3.
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4. Discussion

Understanding how flaviviruses interact with the host innate immune system has improved
our current knowledge of disease pathogenesis and spurred the development of efficient vaccines
and antiviral countermeasures. Different flaviviruses have been shown to be inhibited by IFN-ot/(3 to
different degrees. IFN-o has been shown to limit DENV replication in macrophages [8]. While the
pre-treatment of hepatoma cells with IFN- inhibited DENV replication [21] and the inhibition of
WNV was strain and cell line dependent [22] and in each of these instances of interferon inhibition
of flavivirus replication, the effect was observed from 24 to 48 h post-infection. In this study, IFN-3
inhibition on YF viral replication was apparent only from a 48-h time point. We obtained comparable
viral titres in IFN-{3 treated and untreated cells in the early time points but the titres were decreased by
two-fold in the IFN-f stimulated cells compared to the un-stimulated cells in the later time point of
infection (48 hpi), as shown in Figure 1, and are suggestive that YFV evaded interferon activity during
the early phase of infection. YF-17D replicates more efficiently than the wild type Asibi strain and,
although both were inoculated at the same MOI = 1, the viral titre of YF-17D is about 100 times higher
than the virulent wild type Asibi strain by 48 hpi, as shown in Figure 2. Our findings were consistent
with a report by Fernandez-Garcia and colleagues [20], who attributed the differences in replication to
non-synonymous amino acid substitutional differences in the envelope protein of these two YF viral
strains. The amino acid substitutional difference is thought to influence the route of infection (while
Asibi is clathrin-dependent and YF-17D is clathrin-independent) in virus-infected cells and, therefore,
presents with different immune responses [20]. Lower virus titres for the Asibi strain compared to the
vaccine strain YF-17D have also been reported when both viruses were inoculated at same MOI = 0.1 in
human and non-human primate monocyte-derived macrophages and dendritic cells [23]. An elevated
viral titre means more available viral antigens and hence efficient viral antigen presentation by antigen
presenting cells, which results in significantly elevated CD8 T cell responses, that are essential for the
protection conferred by YF-17D vaccine [24]. The correlates with the protection of YF-17D, which is
not fully understood but it is thought that the humoral antibody response and the T cell mediated
response do play active roles in providing protection to YF-17D vaccines [25,26]. The magnitude of
CD8 T cells is reported to correlate with viral load, which was demonstrated by repetitive sampling of
eighty YF-17D vaccine patients [24]. Whereas the significantly higher viral titre of YF-17D observed
in this present study might contribute to the robust humoral and cell-mediated immune response to
YF-17D vaccine, the Asibi strain, supposedly evades the immune system by keeping lower viral titres
in order to limit the amount of presentable viral antigens available to elicit higher orders of CD8 T cell
responses that will destroy infected cells.

In this study, we have reported that wild type strain Asibi elicits a higher innate immune
response than vaccine strain YF-17D with regard to the parameters tested (IFN-a, MxA and OAS1),
as shown in Figure 5. mRINA expression levels of these antiviral molecules were comparatively
lower in YF-17D infected cells when compared to cells infected with Asibi. We speculate that the
relatively higher expression of antiviral molecules early in infection limits the replicative ability
of the Asibi strain. When cells were initially stimulated with IFN-f3 prior to YF-17D infection,
we detected higher mRNA levels of antiviral molecule, OAS1, as shown in Figure 6, than was present
in un-stimulated YF-17D-infected cells. This relatively higher expression of OAS1 in IFN-f3 stimulated
YF-17D-infected cells may have contributed to the reduced YF-17D viral replication in IFN-f stimulated
cells. Contrasting results were observed in a study which reported a comparatively higher innate
immune response to YF-17D than Asibi [20], but that study measured chemokines (CCL5, CXCL10)
instead, which act by attracting phagocytic cells to sites of infection.

Only a handful of studies have explored the expression kinetics of SOCS in flavivirus infected cells.
Whiles SOCS1 and SOCS3 upregulation have been reported in DENV and JEV infected cells [8,10], in a
recent study using the African and Asian lineages of Zika virus (ZIKV), Seong and colleagues report
that there is an initial down-regulation in the mRNA levels of SOCS1 and SOCS3, as we have reported
in this current study; however, they witnessed an increase in SOCS1/3 levels at 48 hpi, which further
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declined thereafter [27]. Again, in corroboration of our results, using an unrelated virus—Enterovirus
71—Gao and colleagues show that the mRNA and protein level (by Western blot) of SOCS1 is reduced
early in infected RD cells (human rhabdosarcoma) but increases at 24hpi, although not significantly [28].
In contrast to our results, Steffensen and colleagues reported an up-regulation of SOCS1 in brain
resident cells of mice infected with YF-17D via intracranial injection. However, they also observed an
increase in SOCS1 expression close to the injection site in uninfected control mice [29]. SOCS] acts
as anti-proliferative and increasing SOCS] levels has proved its potential in reducing tumour size in
proliferative cancers using in-vitro and in-vivo models [30]. In this present study, the mRNA level of
SOCS1 was reduced in Asibi infected cells, as shown in Figure 3A,B, possibly as a means to ensure
infected and neighbouring uninfected cells remain viable to support the slow kinetic replication of Asibi
virus. From our results, Asibi elicited higher levels of antiviral molecules early in infection, as shown
in Figure 5, which limited Asibi replication, and we speculate that, in response, Asibi down-regulates
the expression of SOCS1 to maintain viability in infected and neighbouring cells to support continual
virus replication. YFV is a cytopathic virus and the reduced level of SOCSI is a plausible mechanism
employed by Asibi to slow down cell death and hence provide the cellular machinery needed to
support viral replication. Although there was reduced SOCS1 level in YF-17D infected cells, YF-17D
did not elicit high antiviral molecules early in infection and, as a result, YF-17D was able to replicate to
significantly higher titres.

Asibi evades host innate immune response through other described means, such as the
NS5-mediated inhibition of type I IEN signalling by binding to STAT2, which has been shown
to be in itself interferon dependent [31]. YFV NS5 binds to STAT2 only when STAT?2 is complexed
in a heterodimer with STAT1 and only in IEN-I stimulated cells [31]. However, unlike in DENV
infected cells, YFV NS5 binding to STAT2 does not degrade the STAT1/STAT2 complex but prevents
the binding of ISGF3 (a complex of STAT1/STAT2 heterodimer and interferon regulatory factor 9
(IRF9)) to the interferon stimulated response element (ISRE) and thereby reduces the transcription of
antiviral ISGs [31]. We report here that there is reduced expression of ISGs (IFN-a, MxA, and OAS1) in
Asibi-infected IFN-f3 stimulated cells compared to ISGs expression in Asibi-infected un-stimulated
cells, as shown in Figure 6D-F. This is consistent with Laurent-Rolle’s report [31] of YFV innate
immune evasion mediated by NS5 and, taken together with our observation of reduced SOCS1 levels,
there is unbridled pro-inflammatory response characterised by elevated ISGs, as shown in Figure 5,
in Asibi-infected cells and is consistent with a previous report of YFV infection with the spurious
dysregulation of pro-inflammatory markers [32].

With regard to SOCS3, SOCS5, PIAS1, and PIAS4, there is no coherent and consistent significant
difference in expression between YFV-infected cells and controls, as we observe some cell-type specific
differences in expression pattern. The cell-type specific differences in the expression of SOCS and PIAS
genes, as we observed, suggests a complex induction of these regulatory proteins in the JAK/STAT
signalling pathway. Such a cell type specific expression of SOCS has previously been reported [5,33,34].
Whiles SOCS 1 and SOCS3 are rapidly induced in HSV-1 infected human amnion FL and lymphoblastoid
CCRF-CEM cell lines, SOCS 1 and 3 are neither induced nor suppressed in HSV-1 infected monocytic
cell lines THP-1 and U937 [33].

The expressions of PIAS1 and PIAS4 seem to follow a rhythmical pattern. Recently, it has been
reported that infection cycles of flaviviruses and some associated immune response genes are subject
to circadian rhythm influences controlled by the circadian clock genes BMALT and REV-ERBa [35].
mRNA expression of PIAS1 and PIAS4, as shown in Figure 4, from our data appears to follow a
rise-dip-rise—dip pattern, characteristic of circadian rhythm movement, but empirical data to confirm
whether PIAS expression in YFV or flavivirus infections is affected by the circadian-controlled genes
remains to be explored.

In conclusion, we have demonstrated evidence of significantly elevated viral titres of YF-17D
in relation to the differential expression of innate antiviral molecules and how Asibi evades innate
immunity by differentially down-regulating the expression of SOCS1 gene in cell lines. We have also
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provided an initial clue as to a possible cyclical expression of PIAS genes and it will be interesting
to provide empirical evidence to support or refute the possible circadian control of PIAS genes.
Considering the role SOCS and PIAS proteins play in the innate immune response, it is also pertinent to
assess the differential expression of these proteins in YFV-infected primary cells, and/or animal models,
as we observed some cell-type specific differences in the expression kinetics of SOCS and PIAS genes.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/8/802/s1,
Figure S1: IFN-p activates phosphorylated STATT.

Author Contributions: Conceptualization, M.B.Y., D.F. and O.Q.; methodology, M.B.Y., D.F and O.Q.; formal
analysis, M.B.Y,; investigation, M.B.Y.; writing—original draft preparation, M.B.Y.; writing—review and editing,
MB.Y,, D.E. and O.Q.; supervision, D.F. and O.Q.; project administration, O.Q.; funding acquisition, O.Q.
All authors have read and agreed to the published version of the manuscript.

Funding: M.B.Y. was supported by a WACCBIP-World Bank ACE PhD fellowship with funds from a World Bank
African Centres of Excellence grant (ACE02-WACCBIP: Awandare) and a DELTAS Africa grant (107755/Z/15/Z.:
Awandare). The DELTAS Africa Initiative is an independent funding scheme of the African Academy of Sciences
(AAS)’s Alliance for Accelerating Excellence in Science in Africa (AESA). He was also supported by the New
Partnership for Africa’s Development Planning and Coordinating Agency (NEPAD Agency) with funding from
the Wellcome Trust (107755/Z/15/Z: Awandare) and the UK government. The views expressed in this publication
are those of the author(s) and not necessarily those of the World Bank, AAS, NEPAD Agency, Wellcome Trust or
the UK government.

Acknowledgments: The authors are grateful to Kenneth Plante of the World Reference Centre for Emerging
Viruses and Arboviruses (WRCEVA, UTMB, Texas, TX, USA) for the kind donation of cell lines and viruses used
in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wu,J,; Chen, Z]. Innate immune sensing and signaling of cytosolic nucleic acids. Annu. Rev. Immunol. 2014,
32,461-488. [CrossRef] [PubMed]

2. Schoggins, J.W.; MacDulff, D.A.; Imanaka, N.; Gainey, M.D.; Shrestha, B.; Eitson, J.L.; Mar, K.B,;
Richardson, R.B.; Ratushny, A.V,; Litvak, V.; et al. Pan-Viral specificity of IFN-induced genes reveals
new roles for cGAS in innate immunity. Nature 2014, 505, 691-695. [CrossRef] [PubMed]

3. Yoshimura, A.; Naka, T.; Kubo, M. SOCS proteins, cytokine signalling and immune regulation. Nat. Rev.
Immunol. 2007, 7, 454-465. [CrossRef]

4. Shuai, K. Regulation of cytokine signaling pathways by PIAS proteins. Cell Res. 2006, 16, 196-202. [CrossRef]

5. Akhtar, L.N.; Benveniste, E.N. Viral exploitation of host SOCS protein functions. J. Virol. 2011, 85, 1912-1921.
[CrossRef] [PubMed]

6. Kotaja, N.; Karvonen, U.; Janne, O.A.; Palvimo, ].J. PIAS proteins modulate transcription factors by functioning
as SUMO-1 ligases. Mol. Cell. Biol. 2002, 22, 5222-5234. [CrossRef] [PubMed]

7. Akhtar, L.N.; Qin, H.; Muldowney, M.T.; Yanagisawa, L.L.; Kutsch, O.; Clements, J.E.; Benveniste, E.N.
Suppressor of cytokine signaling 3 inhibits antiviral IFN-beta signaling to enhance HIV-1 replication in
macrophages. J. Immunol. 2010, 185, 2393-2404. [CrossRef] [PubMed]

8.  Estrada-Jimenez, T.; Millan-Perez Pena, L.; Flores-Mendoza, L.; Sedeno-Monge, V.; Santos-Lopez, G.;
Rosas-Murrieta, N.; Reyes-Carmona, S.; Teran-Cabanillas, E.; Hernandez, J.; Herrera-Camacho, L; et al.
Upregulation of the suppressors of cytokine signaling 1 and 3 is associated with arrest of phosphorylated-stat1
nuclear importation and reduced innate response in denguevirus-infected macrophages. Viral Immunol.
2016, 29, 95-104. [CrossRef] [PubMed]

9. Palma-Ocampo, H.K.; Flores-Alonso, J.C.; Vallejo-Ruiz, V.; Reyes-Leyva, ]J.; Flores-Mendoza, L.;
Herrera-Camacho, I.; Rosas-Murrieta, N.H.; Santos-Lopez, G. Interferon lambda inhibits dengue virus
replication in epithelial cells. Virol. J. 2015, 12, 150. [CrossRef]

10. Kundu, K;; Dutta, K.; Nazmi, A.; Basu, A. Japanese encephalitis virus infection modulates the expression
of suppressors of cytokine signaling (SOCS) in macrophages: Implications for the hosts” innate immune
response. Cell. Immunol. 2013, 285, 100-110. [CrossRef]


http://www.mdpi.com/1999-4915/12/8/802/s1
http://dx.doi.org/10.1146/annurev-immunol-032713-120156
http://www.ncbi.nlm.nih.gov/pubmed/24655297
http://dx.doi.org/10.1038/nature12862
http://www.ncbi.nlm.nih.gov/pubmed/24284630
http://dx.doi.org/10.1038/nri2093
http://dx.doi.org/10.1038/sj.cr.7310027
http://dx.doi.org/10.1128/JVI.01857-10
http://www.ncbi.nlm.nih.gov/pubmed/21084484
http://dx.doi.org/10.1128/MCB.22.14.5222-5234.2002
http://www.ncbi.nlm.nih.gov/pubmed/12077349
http://dx.doi.org/10.4049/jimmunol.0903563
http://www.ncbi.nlm.nih.gov/pubmed/20631305
http://dx.doi.org/10.1089/vim.2014.0136
http://www.ncbi.nlm.nih.gov/pubmed/26709547
http://dx.doi.org/10.1186/s12985-015-0383-4
http://dx.doi.org/10.1016/j.cellimm.2013.09.005

Viruses 2020, 12, 802 12 of 13

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Faria, N.R; Kraemer, M.U.G.; Hill, S.C.; Goes de Jesus, J.; Aguiar, R.S.; Iani, EC.M.; Xavier, J.; Quick, J.; du
Plessis, L.; Dellicour, S.; et al. Genomic and epidemiological monitoring of yellow fever virus transmission
potential. Science 2018, 361, 894-899. [CrossRef] [PubMed]

Theiler, M.; Smith, H.H. The use of yellow fever virus modified by in vitro cultivation for human immunization.
J. Exp. Med. 1937, 65, 787-800. [CrossRef] [PubMed]

Beck, A.S.; Barrett, A.D. Current status and future prospects of yellow fever vaccines. Expert Rev. Vaccines
2015, 14, 1479-1492. [CrossRef] [PubMed]

Thomas, R.E. Yellow fever vaccine-associated viscerotropic disease: Current perspectives. Drug Des. Dev.
Ther. 2016, 10, 3345-3353. [CrossRef]

World Health Organization. WHO position on the use of fractional doses—June 2017, addendum to
vaccines and vaccination against yellow fever WHO: Position paper—June 2013. Vaccine 2017, 35, 5751-5752.
[CrossRef] [PubMed]

Monath, T.P. Yellow fever vaccine. Expert Rev. Vaccines 2005, 4, 553-574. [CrossRef]

Monath, T.P; Lee, C.K,; Julander, J.G.; Brown, A.; Beasley, D.W.; Watts, D.M.; Hayman, E.; Guertin, P;
Makowiecki, J.; Crowell, ].; et al. Inactivated yellow fever 17D vaccine: Development and nonclinical safety,
immunogenicity and protective activity. Vaccine 2010, 28, 3827-3840. [CrossRef]

Freire, M.S.; Mann, G.F,; Marchevsky, R.S.; Yamamura, A.M.; Almeida, L.F,; Jabor, A.V.; Malachias, ].M.;
Coutinho, E.S.; Galler, R. Production of yellow fever 17DD vaccine virus in primary culture of chicken
embryo fibroblasts: Yields, thermo and genetic stability, attenuation and immunogenicity. Vaccine 2005, 23,
2501-2512. [CrossRef]

Beck, A.; Tesh, R.B.; Wood, T.G.; Widen, S.G.; Ryman, K.D.; Barrett, A.D. Comparison of the live attenuated
yellow fever vaccine 17D-204 strain to its virulent parental strain Asibi by deep sequencing. J. Infect. Dis.
2014, 209, 334-344. [CrossRef]

Fernandez-Garcia, M.D.; Meertens, L.; Chazal, M.; Hafirassou, M.L.; Dejarnac, O.; Zamborlini, A.; Despres, P;
Sauvonnet, N.; Arenzana-Seisdedos, F.; Jouvenet, N.; et al. Vaccine and wild-type strains of yellow fever
virus engage distinct entry mechanisms and differentially stimulate antiviral immune responses. mBio 2016,
7,€01956-15. [CrossRef]

Diamond, M.S.; Harris, E. Interferon inhibits dengue virus infection by preventing translation of viral RNA
through a PKR-independent mechanism. Virology 2001, 289, 297-311. [CrossRef] [PubMed]

Keller, B.C.; Fredericksen, B.L.; Samuel, M.A.; Mock, R.E.; Mason, PW.; Diamond, M.S.; Gale, M., Jr. Resistance
to alpha/beta interferon is a determinant of West Nile virus replication fitness and virulence. J. Virol. 2006,
80, 9424-9434. [CrossRef] [PubMed]

Cong, Y.; McArthur, M.A,; Cohen, M.; Jahrling, P.B.; Janosko, K.B.; Josleyn, N.; Kang, K.; Zhang, T,;
Holbrook, M.R. Characterization of yellow fever virus infection of human and non-human primate antigen
presenting cells and their interaction with CD4+ T Cells. PLoS Negl. Trop. Dis. 2016, 10, €0004709. [CrossRef]
[PubMed]

Akondy, R.S.; Johnson, PL.; Nakaya, H.I,; Edupuganti, S.; Mulligan, M.].; Lawson, B.; Miller, ].D;
Pulendran, B.; Antia, R.; Ahmed, R. Initial viral load determines the magnitude of the human CD8 T
cell response to yellow fever vaccination. Proc. Natl. Acad. Sci. USA 2015, 112, 3050-3055. [CrossRef]
Watson, A.M.; Lam, L. K.M.; Klimstra, W.B.; Ryman, K.D. The 17D-204 vaccine strain-induced protection
against virulent yellow fever virus is mediated by humoral immunity and CD4+ but not CD8+ T Cells.
PLoS Pathog. 2016, 12, €1005786. [CrossRef]

Querec, T.D.; Akondy, R.S.; Lee, EK.; Cao, W.; Nakaya, H.I,; Teuwen, D.; Pirani, A.; Gernert, K.; Deng, J.;
Marzolf, B.; et al. Systems biology approach predicts immunogenicity of the yellow fever vaccine in humans.
Nat. Immunol. 2009, 10, 116-125. [CrossRef]

Seong, RK.; Lee, ].K.; Shin, O.S. Zika virus-induction of the suppressor of cytokine signaling 1/3 contributes
to the modulation of viral replication. Pathogens (Basel, Switzerland) 2020, 9, 163. [CrossRef]

Gao, W.; Hou, M,; Liu, X,; Li, Z; Yang, Y.; Zhang, W. Induction of SOCS expression by EV71 infection
promotes EV71 replication. BioMed Res. Int. 2020, 2020, 2430640. [CrossRef]

Steffensen, M. A.; Fenger, C.; Christensen, J.E.; Jorgensen, C.K.; Bassi, M.R.; Christensen, J.P.; Finsen, B.;
Thomsen, A.R. Suppressors of cytokine signaling 1 and 3 are upregulated in brain resident cells in response
to virus-induced inflammation of the central nervous system via at least two distinctive pathways. J. Virol.
2014, 88, 14090-14104. [CrossRef]


http://dx.doi.org/10.1126/science.aat7115
http://www.ncbi.nlm.nih.gov/pubmed/30139911
http://dx.doi.org/10.1084/jem.65.6.787
http://www.ncbi.nlm.nih.gov/pubmed/19870634
http://dx.doi.org/10.1586/14760584.2015.1083430
http://www.ncbi.nlm.nih.gov/pubmed/26366673
http://dx.doi.org/10.2147/DDDT.S99600
http://dx.doi.org/10.1016/j.vaccine.2017.06.087
http://www.ncbi.nlm.nih.gov/pubmed/28689653
http://dx.doi.org/10.1586/14760584.4.4.553
http://dx.doi.org/10.1016/j.vaccine.2010.03.023
http://dx.doi.org/10.1016/j.vaccine.2004.10.035
http://dx.doi.org/10.1093/infdis/jit546
http://dx.doi.org/10.1128/mBio.01956-15
http://dx.doi.org/10.1006/viro.2001.1114
http://www.ncbi.nlm.nih.gov/pubmed/11689052
http://dx.doi.org/10.1128/JVI.00768-06
http://www.ncbi.nlm.nih.gov/pubmed/16973548
http://dx.doi.org/10.1371/journal.pntd.0004709
http://www.ncbi.nlm.nih.gov/pubmed/27191161
http://dx.doi.org/10.1073/pnas.1500475112
http://dx.doi.org/10.1371/journal.ppat.1005786
http://dx.doi.org/10.1038/ni.1688
http://dx.doi.org/10.3390/pathogens9030163
http://dx.doi.org/10.1155/2020/2430640
http://dx.doi.org/10.1128/JVI.01346-14

Viruses 2020, 12, 802 13 of 13

30.

31.

32.

33.

34.

35.

Souma, Y.; Nishida, T.; Serada, S.; Iwahori, K.; Takahashi, T.; Fujimoto, M.; Ripley, B.; Nakajima, K.;
Miyazaki, Y.; Mori, M.; et al. Antiproliferative effect of SOCS-1 through the suppression of STAT3 and p38
MAPK activation in gastric cancer cells. Int. ]. Cancer 2012, 131, 1287-1296. [CrossRef]

Laurent-Rolle, M.; Morrison, J.; Rajsbaum, R.; Macleod, ].M.; Pisanelli, G.; Pham, A.; Ayllon, J.; Miorin, L.;
Martinez-Romero, C.; tenOever, B.R; et al. The interferon signaling antagonist function of yellow fever virus
NS5 protein is activated by type I interferon. Cell Host Microbe 2014, 16, 314-327. [CrossRef]

ter Meulen, J.; Sakho, M.; Koulemou, K.; Magassouba, N.F,; Bah, A.; Preiser, W.; Daffis, S.; Klewitz, C.;
Bae, H.-G.; Niedrig, M.; et al. Activation of the cytokine network and unfavorable outcome in patients with
yellow fever. |. Infect. Dis. 2004, 190, 1821-1827. [CrossRef] [PubMed]

Yokota, S.; Yokosawa, N.; Okabayashi, T.; Suzutani, T.; Fujii, N. Induction of suppressor of cytokine signaling-3
by herpes simplex virus type 1 confers efficient viral replication. Virology 2005, 338, 173-181. [CrossRef]
[PubMed]

Shen, Y.; Wang, S.; Sun, E; Zheng, G.; Wu, T.; Du, Y.; Zhang, S.; Qian, J.; Sun, R. Inhibition of murine
herpesvirus-68 replication by IFN-gamma in macrophages is counteracted by the induction of SOCS1
expression. PLoS Pathog. 2018, 14, €1007202. [CrossRef] [PubMed]

Zhuang, X.; Magri, A.; Hill, M,; Lai, A.G.; Kumar, A.; Rambhatla, S.B.; Donald, C.L.; Lopez-Clavijo, A.F,;
Rudge, S.; Pinnick, K.; et al. The circadian clock components BMAL1 and REV-ERBalpha regulate flavivirus
replication. Nat. Commun. 2019, 10, 377. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/ijc.27350
http://dx.doi.org/10.1016/j.chom.2014.07.015
http://dx.doi.org/10.1086/425016
http://www.ncbi.nlm.nih.gov/pubmed/15499539
http://dx.doi.org/10.1016/j.virol.2005.04.028
http://www.ncbi.nlm.nih.gov/pubmed/15939448
http://dx.doi.org/10.1371/journal.ppat.1007202
http://www.ncbi.nlm.nih.gov/pubmed/30075008
http://dx.doi.org/10.1038/s41467-019-08299-7
http://www.ncbi.nlm.nih.gov/pubmed/30670689
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Cell Lines and Viruses 
	Experimental Design 
	Plaque Assay 
	RT-qPCR 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	IFN- Inhibits both YFV Strains at Later Time Points whilst YF-17D Replicates More Efficiently 
	Expression Dynamics of SOCS Genes 
	Expression Dynamics of PIAS Genes 
	Expression Dynamics of Antiviral Molecules 
	Effect of IFN- on YFV Induction of Antiviral Molecules 

	Discussion 
	References

