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Abstract
The nonstructural (NS) proteins of West Nile virus (WNV) have been associated with
participation in evasion of host innate immune defenses. In the present study, we characterized
immune response to an attenuated WNV strain, which has a P38G substitution in the NS4B
protein. The WNV NS4B-P38G mutant induced a lower level of viremia and no lethality in
C57BL/6 (B6) mice following a systemic infection. Interestingly, there were higher type 1 IFNs
and IL-1β responses compared to mice infected by wild-type WNV. NS4B-P38G mutant-infected
mice also showed stronger effector and memory T cell responses. WNV specific antibody
responses were not different between mice infected with these two viruses. As a consequence, all
mice were protected from a secondary infection with a lethal dose of wild-type WNV following a
primary infection with NS4B-P38G mutant. Moreover, NS4B-P38G mutant infection in cultured
bone-marrow derived dendritic cells (DCs) were shown to have a reduced replication rate, but a
higher level of innate cytokine production than wild-type WNV, some of which were dependent
on Myd88 signaling. In conclusion, the NS4B-P38G mutant strain induces higher protective innate
and adaptive immune response in mice, which results in a lower viremia and no lethality in either
primary or secondary infection, suggesting a high potential as an attenuating mutation in a vaccine
candidate.
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Introduction
West Nile virus (WNV), a mosquito-borne neurotropic pathogen, belongs to the family of
Flaviviridae, the genus Flavivirus, a group of plus-sense, single-stranded RNA viruses [1–2].
It was originally isolated in Africa, and later caused epidemics with mainly febrile illness in
humans in Europe, Africa, the Middle East, and parts of Asia. In 1999, a more virulent
WNV strain was detected in New York City. Since then, it has rapidly spread throughout the
continental United States, southern Canada, Mexico, Guatemala, the Caribbean and to
several countries in South America. The virus has become a public health concern in North
America [3]. WNV infection of the central nervous system (CNS, neuroinvasive disease)
commonly presents as encephalitis, meningitis or acute flaccid paralysis. The overall
mortality rate in persons who develop WNV neuroinvasive disease is about 10%, although
the mortality rate increases significantly in the elderly and immunocompromised. Multiple
approaches to WNV vaccines have been taken, including recombinant DNA [4],
recombinant protein vaccines [5] and chimeric live attenuated [6]. Nevertheless, no vaccines
have been approved for human use. Development of safe and effective vaccines against
WNV remains as a high priority.

The WNV genome is a single-stranded, positive-sense RNA molecule, approximately
11,000 nucleotides in length that is translated into a single polypeptide, which is co- and
post-translationally processed into ten proteins – three structural proteins (envelope (E),
membrane, nucleocapsid) and seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5) [1–2]. The NS proteins encode protease (NS3) and polymerase
(NS5) activities and function as part of the replication complex. In addition, they contain
important epitopes for mouse and human T cell recognition during WNV infection [7–8].
Several NS proteins have also been reported to be associated with evasion of host innate
immune defenses [9–11], such as inhibiting interferon (IFN) signaling by the blockage of
STAT1 and STAT2 activation [12–14]. Furthermore, a C102S mutation in NS4B protein of
WNV was shown to attenuate the neuroinvasive and neurovirulence phenotypes in mice
[15]. The NS4B P38 residue is conserved in both mosquito- and tick- borne flaviviruses,
except for the Brazilian flavivirus Ilheus, which encodes an alanine at this residue. By
utilizing site-directed mutagenesis of an infectious clone, we have recently identified an
attenuated WNV NY99 strain with a substitution of P38G in NS4B protein. This P38G
mutant has both temperature-sensitive and small-plaque phenotypes, and significantly
reduced neuroinvasiveness in NIH Swiss outbred mice as compared to the parental wild-
type NY99 WNV (Wicker JA, and Barrett AD. et. al. Manuscript submitted). In this study,
we have evaluated the potential of NS4B-P38G mutation for incorporation in a vaccine
candidate by further characterization of the immune response induced by infection with
NS4B-P38G mutant in mice.

1. Materials and methods
1.1. Mice

6–10-week-old C57BL/6 (B6) mice were purchased from the Jackson Laboratory (Bar
Harbor, ME). Myeloid differentiation factor 88 deficient (Myd88−/−) mice were bred to the
B6 background by backcrossing for 10 successive generations [16–17]. Groups were age
and sex-matched for each experiment and were housed under identical conditions. All
animal experiments were approved by the Animal Care and Use Committee at the
University of Texas Medical Branch.
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1.2. WNV Infection
Mice were inoculated intraperitoneally (i.p.) with 500 PFU of wild-type WNV NY99
infectious clone-derived virus, WNV NS4B P38G or NS4B P38A mutant strains that were
produced utilizing site-directed mutagenesis. Full genomic sequencing of the WNV NS4B-
P38G mutant revealed additional NS4B T116I and NS3 N480H substitutions, and these
were likely compensatory mutations in response to the engineered attenuating P38G
substitution (Wicker JA, and Barrett AD. et. al. Manuscript submitted). In some
experiments, surviving mice were re- challenged with a lethal dose (LD100, 2000 PFU) of
wild-type WNV NY99 infectious clone- derived virus at day 30 post-primary infection.
Infected mice were monitored twice daily for morbidity. When mice showed signs of
morbidity (obvious severe illness, unable to right self when tipped on side or back, obvious
extreme weight loss), they were immediately collected and euthanized by CO2. WNV
NY99-infectious clone-derived virus or WNV NS4B-P38G mutant were each passaged once
in Vero cells to make a virus stock for cell culture. Bone-marrow derived dendritic cells
(DCs) were generated as described previously [18]. Briefly, bone marrow cells from B6
mice were isolated and cultured for 6 days in RPMI-1640 supplemented with granulocyte-
macrophage-colony stimulating factor, and interleukin-4 (Peprotech) to generate myeloid
DC. Day 6-cultured DCs were infected with WNV NY99 infectious clone-derived virus or
NS4B-P38G mutant passage 1 (MOI = 0.2) and harvested at 24 and 96 hr post-infection.
Supernatants and cells were collected for measurement of viral load and cytokine
production.

2.3. Quantitative PCR (Q-PCR) for viral load and cytokine production
RNA was extracted from WNV infected cells or tissues using RNAeasy extraction kit
(Qiagen, Valencia, CA). RNA was used to synthesize complementary (c)DNA using the
ProSTAR First-strand RT-PCR kit (Stratagene, Cedar Creek, TX). The sequences of the
primer-probe sets for WNV envelope (WNVE) and cytokine gene cDNA and PCR reaction
conditions were described previously [19–20]. The assay was performed in an iCycler (Bio-
Rad, Hercules, CA). To normalize the samples, the same amount of cDNA was used in a Q-
PCR for β-actin. The ratio of the amount of amplified gene compared with the amount of β-
actin cDNA represented the relative levels in each sample.

2.4. Bioplex
Culture supernatant or sera were collected for analysis of cytokine production using a Bio-
Plex Pro Mouse Cytokine Assay (Biorad).

2.5. Flow cytometry
Splenocytes were stained with antibodies for cell surface markers, including CD4 or CD8,
(e-Biosciences). After staining, cells were fixed with 0.5% paraformaldehyde in PBS and
examined using a C6 Flow Cytometer (Accuri cytometers, Ann Arbor, MI). To measure
intracellular cytokine production, splenocytes from WNV-infected mice or controls were
isolated and stimulated with 50 ng/ml PMA (Sigma-Aldrich) and 500 ng/ml ionomycin
(Sigma-Aldrich) for 4 h or WNV-specific NS3 and E peptides (RRWCFDGPRTNTILE and
PVGRLVTVNPFVSVA, respectively, [21]) for CD4 T cells or WNV specific NS4B and E
peptides (SSVWNATTA and IALTFLAV, respectively, [22–23]) for CD8 T cells for 5h at
37°C. Golgi-plug (BD Biosciences) was added at the beginning of stimulation. Cells were
harvested, stained with Abs for CD4 or CD8, fixed in 2% paraformaldehyde and
permeabilized with 0.5% saponin before adding PE-conjugated anti-IFN-γ, or control PE-
conjugated rat IgG1 (BD Biosciences).
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2.6. ELISA
Microtiter plates were coated with recombinant WNV-E protein expressed in Drosophila
melanogaster S2 cells [24] overnight at 4°C at 100 ng/well in coating buffer [0.015 M
Na2CO3, 0.03 M NaHCO3, and 0.003 M NaN3 (pH 9.6)]. Sera from infected mice were
diluted from 1/40 or 1/100 in PBS with 2% BSA, added to the duplicate wells, and
incubated for 1 h at room temperature. Plates were washed with PBS-Tween (PBST).
Alkaline phosphatase-conjugated goat anti-mouse IgG or IgM (Sigma-Aldrich, St. Louis,
MO) at a dilution of 1/1000 in PBS-T was added for 1h at room temperature. After washing
with PBS-T, color was developed with p-nitrophenyl phosphate (Sigma-Aldrich) for 10 min
and intensity determined at an absorbance of 405 nm using a spectrophotometer.

2.7. Plaque assay
Vero cells were seeded in 6-well plates in Dulbecco’s modified Eagle’s medium (DMEM,
Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum (Sigma, St. Louis,
MO) 24h before infection. Serial dilutions of sera from infected mice were added and
incubated for 1h. Subsequently, DMEM containing 2% FBS and 1% low-melting-point
agarose were added and the plates were incubated for 4 days. A second overlay of 2.5ml 1%
agarose-medium containing 0.01% neutral red was added to visualize plaques. Virus
concentrations were determined as PFU/ml. The limit of detection of this assay was 25 PFU/
ml.

2.8. Plaque reduction neutralization tests
Neutralizing antibody titers were determined by plaque reduction neutralization assay using
a 50% neutralization cutoff (PRNT50). Serum was diluted 1:5 in PBS and heat inactivated at
56 °C for 30 min before preparing two-fold dilutions in 100 μl of maintenance medium. The
parental virus was diluted to 200 PFU/100 μl and 100 μl of virus was added to 100 μl of
serially diluted serum, mixed and placed at 4 °C overnight. One hundred microliters of the
serum/virus mixture was added to Vero cells in 6 well plates. Plaques were counted and the
PRNT50 was determined.

2.9. Statistical analysis
Data analysis was performed using Prism software (Graph-Pad) statistical analysis. Values
for phenotype analysis, viral burden, and cytokine production experiments were presented as
means ± SEM. P values of these experiments were calculated with a non-paired Student’s t
test. Statistical significance was accepted at P < 0.05.

3. Results
3.1. A NS4B-P38G WNV mutant strain induces a lower level of viremia and causes no
lethality in mice following i.p. infection

The murine model has been used as an effective in vivo experimental model to investigate
host immunity to WNV infection in humans [25–26]. Recent work has shown that a NS4B-
P38G WNV mutant strain confers attenuation of the neuroinvasiveness in female outbred
NIH swiss mice whereas the NS4B-P38A mutant does not (Wicker JA, and Barrett AD. et.
al. Manuscript submitted). To further characterize the NS4B-P38G mutant phenotype in
vivo, we undertook studies in inbred B6 mice by comparing wild-type infectious clone
derived-WNV NY99, and NS4B-P38G and NS4B-P38A mutant strains following i.p.
inoculation of 500 PFU of each virus. All mice (100%) infected with the NS4B-P38G
mutant survived a three-week infection period compared to 13% survival in wild-type WNV
strain-infected mice (Fig. 1A, P < 0.01), while mice infected with WNV NS4B-P38A
mutant also showed an increased survival rate (33%) compared to wild-type strain (P <
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0.01). Examination of viremia by Q-PCR on day 3 post-infection (Fig. 1B) showed that the
NS4B-P38G mutant replication was more than 1000-fold lower than that in mice infected
with wild-type WNV (P < 0.05). Furthermore, viremia in mice infected with the NS4B-
P38A mutant was not significantly different from those of wild type WNV (P > 0.05). These
results suggest mutation of the P38 residue of NS4B protein, and in particular a P38G
substitution, leads to a significant reduction in both viremia and lethality in mice.

3.2. There is a higher innate cytokine response in P38G NS4B WNV mutant strain-infected
mice

To further understand the role of NS4B protein in viral pathogenesis in this mouse model,
we next focused on innate cytokine production following infection with either wild-type
WNV or NS4B-P38G mutant. As shown in Fig. 2, type 1 IFNs (IFN-α and IFN-β) and
proinflammatory cytokines (IL-1β, IL-6, IL-12, and TNF-α) were all induced in NS4B-
P38G mutant-infected mice on day 3 post-infection. Among them, IFN-α, IFN-β and IL-1β
levels were significantly increased in NS4B-P38G mutant strain -infected mice compared to
wild-type WNV-infected mice (Figs. 2A, 2B and 2C, P < 0.01). This difference for the
production of type 1 IFNs and IL-1β between WNV NY99 and NS4B-P38G mutant strain -
infected mice was not observed on day 1 post infection (data not shown).

3.3. NS4B-P38G mutant-infected mice showed stronger effector and memory T cell
responses

Both CD4+ and CD8+ αβ T-cells are important for host survival following WNV infection
and might contribute to a long-lasting protective immunity [27–28]. Therefore, to assess the
effect of NS4B-P38G mutant infection on cellular immunity, we studied CD4+ and CD8+ T
cell responses following primary WNV infection with either wild-type WNV or NS4B-
P38G mutant. On day 4 post-infection, there was approximately 50% more CD4+ or CD8+ T
cell expansion in NS4B-P38G mutant-infected mice than those of wild-type WNV-infected
mice (Fig. 3A, P < 0.01 or 0.05). We also analyzed IFN-γ production of splenic CD4+ and
CD8+ T cells from WNV-infected mice using an ex vivo intracellular cytokine assay (ICS).
We noted that the percentage of CD4+IFNγ+ splenocytes of NS4B-P38G mutant-infected
mice was 55% or 100% higher than those of wild-type WNV-infected upon ex vivo
stimulation with PMA and ionomycin or WNV peptides, respectively (Fig. 3B left and right
panels, P < 0.05). The percentage of CD8+IFNγ+ splenocytes of NS4B-P38G mutant-
infected mice was also slightly increased by 11% (Fig. 3B left panel, P < 0.05) with
stimulation of PMA and ionomycin or remained at the same level as those of wild-type
WNV-infected mice following treatment with WNV peptides (Fig. 3B right panel, P > 0.05).
At the later stage of infection (day 21), the percentage of both CD4+IFNγ+ and CD8+IFNγ+

splenocytes in NS4B-P38G mutant-infected mice were higher than those of wild-type
WNV-infected mice upon ex vivo stimulation with WNV peptides (Suppl. Fig. 1). To further
understand the effect of NS4B-P38G mutant infection on memory T cell development, we
next measured CD4+ and CD8+ T cell responses in mice that survived a primary infection by
either wild-type WNV or NS4B-P38G mutant followed by a secondary lethal challenge with
a LD100 of wild-type WNV. At day 4 post-secondary infection, CD4+ and CD8+ T cells of
both groups expanded as compared to naïve mice or mice primarily infected with wild type
WNV (Fig. 4A left and right panels, P < 0.01 or 0.05). In particular, mice that survived
primary NS4B-P38G mutant strain infection had 18–30% more CD4+ and CD8+ T cell
expansion upon re-infection than those of mice that survived from wild-type WNV infection
(Fig. 4A left and right panels, P < 0.01 or 0.05). By using ICS analysis, we noted that about
40% higher numbers of CD4+IFNγ+ and CD8+IFNγ+ splenocytes in mice primarily infected
with NS4B-P38G mutant than those with wild-type WNV (Figs. 4B & 4C left and right
panels, P < 0.01). Overall, these data suggest that NS4B P38G mutant infection induces a
higher T cell response in mice than wild-type WNV.
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3.4. WNV specific antibody responses were not different between mice infected with these
two viruses; all mice are protected from a secondary challenge with LD100 of wild-type
WNV following primary infection with P38G mutant

B cell-mediated humoral immune responses are critical for the host defense against
disseminated infection by WNV [29–31] and might also contribute to a protective memory
response. To determine if WNV NS4B P38G mutant infection induces antibodies (Abs) to
WNV during infection, we measured WNV-specific IgM (Fig. 5A) and IgG levels (Fig. 5B)
by ELISA, and neutralization titers (Fig. 5C), in the sera from mice that were infected with
wild-type WNV or NS4B-P38G mutant by a plaque reduction test. Ab responses in both
groups of mice were similar at 4 days, an early interval post-infection. Further, we noted no
differences in Ab responses to a secondary lethal challenge with wild-type WNV between
mice that survived a primary infection by wild-type WNV or NS4B-P38G mutant (P >
0.05). These results indicate that infection by WNV P38G mutant and wild-type WNV
induces a similar level of WNV specific humoral response. Moreover, we assessed survival
rate of mice primarily immunized with NS4B P38G mutant or wild-type WNV during a
secondary infection of LD100 of wild-type WNV. All mice (100%) primarily infected with
either the NS4B-P38G mutant or wild-type WNV survived a four-week re-infection period
by LD100 wild-type WNV (Fig. 5D, P > 0.05).

3.5. NS4B-P38G mutant infection in primary DCs shows a reduced replication rate, but a
higher level of innate cytokine production than wild-type virus partially dependent on
Myd88 signaling

DCs represent the most important antigen presenting cells (APCs) exhibiting the unique
capacity to initiate primary T cell responses. They are innate immune cells that are
permissive to WNV infection. Viral load in NS4B-P38G mutant infected-primary DCs was
greatly reduced at day 4 post-infection compared to wild-type virus as measured by Q-PCR
and plaque assay (Figs. 6A & 6B). Interestingly, on day 1 post-infection, an increase in viral
load of NS4B-P38G mutant infected DCs was observed by Q-PCR analysis while infectivity
measurement by the plaque assay showed the opposite results where infection by NS4B-
P38G mutant was significantly lower than wild-type virus at this time point, indicating lack
of productive replication occurred with the NS4B-P38G mutant. Furthermore, the
expression of IFN-α and IFN-β in NS4B-P38G mutant-infected DCs on day 4 post-infection
was increased by two- to six- fold compared to those of wild-type virus-infected cells (Figs.
6C & 6D, P < 0.05). Levels of proinflammatory cytokines in DCs, including IL-1β, IL-6,
IL-12, and TNF-α were all significantly higher (about 10- 100 fold) in NS4B-P38G mutant
infected DCs at days 1 and 4 post-infection (Figs. 6E- 6H, P < 0.01), compared to those of
wild-type WNV-infected DCs. DCs express a collection of pattern recognition receptors on
the surface that can specifically interact with pathogen-associated molecular patterns
(PAMPS), including toll-like receptors (TLRs). TLR play an essential role in triggering the
signals that provide DC maturation and the initiation of adaptive immune responses against
pathogens [32]. The core TLR signaling pathway utilizes Myd88 as the primary adaptor
[33]. Myd88-mediated innate immune responses are known to be protective against wild-
type WNV infection in mice [17, 34]. To understand the role of MyD88 signaling in
induction of immune response during NS4B-P38G mutant infection, we measured cytokine
production in wild-type B6 and Myd88−/ −DCs following WNV infection. Type 1 IFNs
production following NS4B-P38G mutant infection in Myd88−/− DCs showed only a small
difference compared to wild-type DCs, slightly lower or higher on days 1 and 4 post-
infection (Figs. 7A & 7B, P < 0.05). In comparison, the production of proinflammatory
cytokines by NS4B-P38G mutant, including IL-1β, IL-6, and IL-12 and TNF-α, was
consistently reduced on days 1 and 4 post-infection (> 3–30 fold) in Myd88−/− DCs (Fig.
7C- F). Type 1 IFNs production by the wild type WNV infection showed a minimal or no
difference between wild-type B6 and Myd88−/− DCs. The same pattern was observed in
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proinflammatory cytokine production, except an enhanced IL-12 production was seen in
Myd88−/− DCs on day 4 post-infection (data not shown). Taken together, these results
suggests that NS4B-P38G mutant infection has a lower replication rate in DCs, but induced
a higher innate immune response than wild-type virus, and was partially dependent on
Myd88 signaling.

4. Discussion
The development of safe and effective vaccines against WNV remains a high priority. An
ideal candidate WNV vaccine requires greatly reduced potential for neurovirulence,
neuroinvasiveness, and restricted virus replication, while still having the ability to induce a
robust protective immune response. Live attenuated vaccines have traditionally induced the
best protective immune responses, but most have been derived empirically. Several
approaches to attenuate WNV have been reported, including a capsid deletion mutation
attenuated strain [35] and mutations in E and NS proteins for chimeric vaccine [36]. Further
characterization of immune response to the attenuated WNV strains, including both innate
and adaptive immunity are important steps in understanding their protective mechanisms.
We recently identified a NS4B P38G mutant strain which had a significantly reduced
neuroinvasiveness in NIH Swiss outbred mice as compared to the parental wild-type NY99
WNV (Wicker JA, and Barrett AD. et. al. Manuscript submitted). In this study, we have
shown that this NS4B P38G mutant had a lower viremia and no lethality in mice following
systemic infection in B6 inbred mice. Nevertheless, there was a higher level of type 1 IFN
and IL-1β production following infection by NS4B P38G mutant. Both CD4 and CD8 T cell
responses were also significantly enhanced in NS4B mutant-infected mice; whereas WNV
specific Abs were induced at the same level as those by wild-type WNV. Finally, despite of
the lower viremia and no lethality during primary infection of P38G NS4B mutant, all
surviving mice were protected from a secondary challenge with LD100 of wild-type WNV.
NS4B P38G mutant infection in all in vitro and in vivo infection studies were consistently
shown to have small-plaques and non-neuroinvasive phenotypes. Reversion at NS4B-38 was
never detected, suggesting genetic stability. Overall, these results suggest that the NS4B
P38G mutation has a high potential for contribution to a future vaccine candidate.

Distinct inflammatory cytokines act directly on naive CD4+ and CD8+ T cells to provide a
third signal, synergize with signals from the TCR and co-stimulatory receptors, to optimally
activate differentiation and clonal expansion. IL-1 was shown to increase proliferation of
CD4+ T cells in response to Ag and IL-2, which is consistent with effects on in vivo priming
of CD4+ T cells [37]. The rules that dictate which signal 3 cytokine drives CD8+ T cell
responses to microbial infection remain uncertain [38]. The two main candidate signal 3
cytokines produced for CD8+ T cell in response to intracellular pathogens have been
reported to be type 1 IFNs and IL-12 [39–41]. During an acute viral infection, such as
WNV, T cells go through three distinct phases involving initial activation and expansion
(effector T cell), a contraction or death phase, and the establishment and maintenance of
memory (memory T cell) [42]. In this study, NS4B-P38G mutant infection in primary DCs
was shown to induce increased levels of type 1 IFNs and proinflammatory cytokines, such
as IL-1β, and IL-12. Further, we found that higher CD4+ and CD8+ T cell responses
occurred in NS4B-P38G mutant-infected mice at the early stage of infection (effector T
cells) and the later stage of infection or during a secondary infection when memory T cells
started to develop or had been developed. Therefore, we speculate that the increased levels
of innate cytokines induced by APC following a primary infection of NS4B-P38G mutant,
such as type 1 IFN, IL-12 and IL-1β, may contribute to a more efficient T cell activation and
differentiation, which could ultimately lead to a higher level of memory T cell response.
Future investigation will continue to focus on the role of the individual cytokine in memory
T cell development during WNV infection.
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The NS4B and NS5 proteins of flaviviruses have been shown to be IFN antagonists [9–11].
In this study, we have shown that a NS4B-P38G mutant infection induced a higher level of
type 1 IFNs production compared to wild-type WNV. This suggests that P38 residue may
serve as an important determinant in antagonizing IFN signaling during WNV infection.
Flavivirus NS proteins are known to antagonize IFN signaling via multiple mechanisms,
including the delay of PRR activation, inhibition of IFN gene transcription, and interference
of Janus kinase (JAK) and signal transducers and activators of transcription (STAT)
signaling pathways [12, 43–45]. Here, we found that type 1 IFNs production by wild-type
WNV virus was not different between wild-type and Myd88−/− DCs. This is consistent with
recent reports by others [17, 34]. Moreover, we noted minimal differences in IFN production
between wild-type and Myd88−/− DCs infected by NS4B P38G mutant. Combined together,
these data suggest that induction of type 1 IFN by either WNV strain may be Myd88-
independent. Furthermore, we noted that NS4B-P38G mutant infection induced a significant
increase in proinflammatory cytokine production compared to wild-type WNV, and this
response was significantly reduced in Myd88−/− DCs. This is consistent with the hypothesis
that Myd88 signaling may be required for induction of proinflammatory cytokine production
by NS4B-P38G mutant infection.

In conclusion, our work has shown that a NS4B WNV mutant strain infection in mice
induces higher innate cytokine production and enhanced CD4+ and CD8+ T cell responses
with a lower viremia and no lethality, thereby demonstrating a high potential for
contribution of this mutation in a future vaccine candidate. These results may provide
critical insights for new strategies in improving the efficiency of future attenuated flavivirus
vaccines to generate long-lasting protective immune responses
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APC antigen presenting cell

B6 C57BL/6

CNS central nervous system

E envelope

IFN interferon

i.p intraperitoneally

LD lethal dose

Myd88 myeloid differentiation factor 88

NS Nonstructural

Q-PCR quantitative PCR

WNV West Nile virus
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Fig. 1.
Comparison of infection between WNV wild-type and NS4B mutant strains following i.p.
infection. A. Survival rate. Mice were injected with 500 PFU of WNV strains and monitored
twice daily. n = 16 for wild-type strain infected-mice (WT). n = 6 for P38G strain infected-
mice (P38G). n = 12 for P38A mutant strain infected mice (P38A). B. Viral load was
determined by Q-PCR in blood. The y-axis depicts the ratio of the amplified WNV-E cDNA
to β-actin cDNA of each sample. **P < 0.01 or *P < 0.05 compared to wild-type strain
infected-mice. # P < 0.05 compared to mock infected-mice. Data are presented as means ±
SEM, n = 4.
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Fig. 2.
Cytokine production in mice following infection with WNV wild-type or P38G NS4B
mutant strains. Cytokine levels in blood at day 3 post-infection were determined using Q-
PCR (A-B, D-F) or Bioplex (C). Fold of increase compared to mock-infected group was
shown. Data are presented as means ± SEM, n = 4. * P < 0.05 or **P < 0.01 compared to
wild-type strain-infected mice.
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Fig. 3.
T cell responses following primary infection with WNV wild-type or P38G-NS4B mutant
strains. A, Splenocytes were isolated at day 4 post-infection with mock, WNV wild-type or
P38G NS4B mutant strains and stained for CD4 or CD8. Number of cells per mouse was
shown. B. Splenocytes of wild-type or NS4B P38G mutant strains-infected mice at day 4
were cultured ex vivo with PMA plus ionomycin or WNV peptides, and stained for IFN-γ,
CD4 or CD8. **P < 0.01 or *P < 0.05 compared to wild-type strain. n = 3–5 mice /group
from three separate experiments.
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Fig. 4.
T cell responses during a secondary infection with LD100 of wild-type WNV in mice
survived from a primary infection with wild-type or NS4B P38G mutant strains. Mice were
primarily infected with mock, wild-type WNV or NS4B P38G mutant followed by a
secondary infection with LD100 wild-type WNV, designated as (WT, WT-WT, P38G-WT
respectively). A, Splenocytes were isolated at day 4 post-re-infection and stained for CD4 or
CD8. Fold increase on the number of CD4+ or CD8+ T cell compared to mock-infected mice
was shown. B-C, Splenocytes were cultured ex vivo with WNV peptides, and stained for
IFN-γ, CD4 or CD8. B, one representative experiment was shown. C, number of
CD4+IFNγ+ (left panel) or CD8+IFNγ+ (right panel) splenocytes were shown. **P < 0.01 or
*P < 0.05 compared to mice primarily infected with wild-type WNV followed by secondary
infection with wild-type strain (WT-WT). ## P < 0.01, or # P < 0.05 compared to primarily
wild-type strain-infected mice (WT). n = 3–5 mice /group pooled from two experiments.

Welte et al. Page 15

Vaccine. Author manuscript; available in PMC 2012 June 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Humoral response following NS4B P38G infection. Sera were collected from mice either at
day 4 (D4) during primary WNV infection or at D4 of secondary infection following WNV
primary infection with either wild-type WNV or NS4B P38G mutant. The development of
specific IgM (A) or IgG (B) antibodies to WNV was determined after incubating sera with
absorbed purified r-WNV-E protein. C, Plaque reduction neutralization tests. n = 4–6 mice /
group from two separate experiments, performed in duplicate. D. Survival rate. Mice
survived from primary infection with wild-type WNV or NS4B-P38G were re-infected with
2000 PFU of wild-type WNV strain and monitored twice daily. n = 4 for wild-type strain
primarily infected-mice (WT-WT). n = 5 for P38G strain primarily infected-mice (P38G-
WT).
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Fig. 6.
Infection in primary DCs by WNV wild-type strain or P38G NS4B mutant strain. AB. Viral
load was determined using Q-PCR (A) or Plaque assay (B) at the indicated hours post-
infection. The dotted line represents the limit of detection of the plaque assay as 25 PFU/ml.
C- H. Cytokine expression was determined using Q-PCR. Data are presented as fold of
increase compared to mock infected. n = 3. * P < 0.05 or **P < 0.01 compared to wild-type
strain- infected mice.
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Fig. 7.
Myd88 signaling is partially involved in induction of higher innate cytokine production and
during NS4B P38G mutant infection. A- F. Cytokine levels in primary DCs were determined
using Q-PCR. Data are presented as fold of increase compared to mock infected. n = 3. * P
< 0.05 or **P < 0.01 compared to wild-type strain mice.
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