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Flaviviruses have been shown to induce cell surface expression of major histocompatibility complex class I
(MHC-I) through the activation of NF-kB. Using IKK1~/~, IKK2™'~, NEMO /", and IKK1~/~ IKK2~/~
double mutant as well as p50~/~ RelA™/~ cRel™/~ triple mutant mouse embryonic fibroblasts infected with
Japanese encephalitis virus (JEV), we show that this flavivirus utilizes the canonical pathway to activate NF-xB
in an IKK2- and NEMO-, but not IKK1-, dependent manner. NF-kB DNA binding activity induced upon virus
infection was shown to be composed of RelA:p50 dimers in these fibroblasts. Type I interferon (IFN) production
was significantly decreased but not completely abolished upon virus infection in cells defective in NF-kB
activation. In contrast, induction of classical MHC-I (class 1a) genes and their cell surface expression
remained unaffected in these NF-kB-defective cells. However, MHC-I induction was impaired in IFNAR™/~
cells that lack the alpha/beta IFN receptor, indicating a dominant role of type I IFNs but not NF-kB for the
induction of MHC-I molecules by Japanese encephalitis virus. Our further analysis revealed that the residual
type I IFN signaling in NF-kB-deficient cells is sufficient to drive MHC-I gene expression upon virus infection
in mouse embryonic fibroblasts. However, NF-kB could indirectly regulate MHC-I expression, since JEV-

induced type I IFN expression was found to be critically dependent on it.

Japanese encephalitis virus (JEV) is a positive-stranded RNA
virus that belongs to the Flavivirus genus of the family Flavi-
viridae (28). The epidemiological, pathological, immunologi-
cal, and structural aspects of this neurotropic virus have been
well studied (15, 16, 23, 37). Flaviviruses have been shown to
upregulate the cell surface expression of major histocompati-
bility complex (MHC) molecules as well as molecules associ-
ated with antigen presentation and cell adhesion (8, 9, 23). We
have reported that JEV infection induces the expression of
nonclassical MHC class I (MHC-I) molecules in addition to
classical MHC-I (2). Many of these flavivirus-mediated effects
on MHC-I and cell adhesion molecules have been shown to be
due to the activation of the ubiquitous transcriptional factor
nuclear factor kB (NF-«kB) (22).

The NF-kB family of transcription factors consists of more
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than a dozen homo- or heterodimers composed of five Rel
proteins, namely, RelA, RelB, cRel, p50, and p52. In the rest-
ing cell, NF-kB dimers are retained in the cytoplasm in an
inactive state by three inhibitor proteins, IkBa, IkBB, and
IkBe. In the canonical pathway, stimulus-responsive phosphor-
ylation of the IkBs by IkB kinase (IKK) complex leads to their
degradation to allow for nuclear translocation of the NF-«B
dimers, mostly RelA:p50 dimers. The IKK complex is com-
posed of two catalytic subunits, IKK1 (IKKa) and IKK2
(IKKR), as well as a regulatory subunit, NEMO. IKK1 kinase
activity was shown to be dispensable for the NF-kB activation
through the canonical pathway (13, 25, 35). However, stimuli
that utilize the noncanonical pathway critically depend on the
IKK1 activity to induce NF-kB dimers. In the noncanonical
pathway, IKK1-mediated phosphorylation of the NF-«B pre-
cursor protein p100 leads to its proteasomal processing into
the mature p52 subunit, which then dimerizes with RelB to
appear as the nuclear RelB:p52 dimer (3, 36, 39).
Modulation of the NF-«kB and type I interferon (IFN) path-
ways during immune responses and viral infections is well
characterized (14, 17, 19, 32). West Nile virus (WNYV), also a
flavivirus, has been shown to induce both MHC-II and MHC-I
molecules. MHC-I was induced by NF-«B-dependent as well
as NF-kB-independent pathways. The former was type I IFN
independent, while the latter was type I IFN dependent (8).
However, JEV has been shown to induce MHC-I but is unable
to induce MHCH-II (1). Given distinct regulations of the canon-
ical and the noncanonical pathways, it was of interest to delin-
eate the mechanism underlying NF-«kB activation in response
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to JEV infection and to evaluate the role of the NF-kB path-
way in MHC-I gene expression.

Using mutant and wild-type (WT) mouse embryonic fibro-
blasts (MEFs), we show here for the first time that JEV utilizes
the canonical pathway of NF-kB activation that is dependent
on both IKK2 and NEMO subunits of the IKK complex. Our
results show that JEV-induced production of type I IFNs is
reduced in cells deficient in NF-kB signaling and point to an
important role for the NF-kB/RelA:p50 dimer in the induction
of type I IFNs during JEV infection. However, we also show
that type I IFNs, not NF-«kB, are predominantly responsible for
the induction of classical MHC-I molecules during JEV infec-
tion and that residual IFNs produced via NF-kB-independent
mechanisms are sufficient for MHC-I gene expression in NF-
kB-deficient cells.

MATERIALS AND METHODS

Media, antibodies, and cell lines. Dulbecco’s modified Eagle’s medium
(DMEM), fetal calf serum (FCS), poly(dI-dC), and Trizol were purchased from
Sigma-Aldrich India. Polynucleotide kinase and Revert Aid Moloney murine
leukemia virus (M-MuLV) reverse transcriptase were obtained from MBI Fer-
mentas, Lithuania. Anti-H-2K"D® (clone 28-8-6) monoclonal antibody (MAb)
was obtained from BD Pharmingen, while goat anti-mouse IgG (Fcy chain
specific) was from Jackson Immunoresearch Labs. A flavivirus group-specific
MADb (clone DI-4G2-4-15) was used as a hybridoma supernatant. Antibodies
specific to p5S0 and p65 subunits of the NF-kB complex were obtained from Santa
Cruz Biotechnology. Alpha interferon (IFN-a) and IFN-B detection enzyme-
linked immunosorbent assay (ELISA) kits were obtained from PBL Biomedical
Laboratories.

Wild-type (H-2K’DP), IKK1/~, IKK2™/~, and IKK1 /= IKK2~/~ MEFs
were provided by Inder Verma (Salk Institute of Biological Science, La Jolla,
CA); NEMO ™/~ MEFs were provided by Marc Schmidt Supprian (Harvard
Medical School, Boston, MA). Reconstituted MEFs and p50~/~ RelA™/~
cRel™/~ MEFs were provided by Alexander Hoffmann (University of California,
San Diego, CA). IFNAR ™/~ MEFs were provided by Otto Haller, University of
Freiburg, Germany. All the cells were grown in DMEM supplemented with 10%
FCS and antibiotics. The ability of the wild-type (WT) and all mutant MEFs to
respond either to tumor necrosis factor alpha (TNF-a) treatment (which acti-
vates the canonical NF-kB pathway) or to lymphotoxin beta receptor (LTBR)
agonistic antibody treatment (which activates the noncanonical NF-kB pathway)
was first verified by functional assays before the MEFs were used in the study
(see Fig. S1 in the supplemental material). IFNAR-knockout MEFs that lack the
alpha/beta TFN receptor were verified by their inability to induce cell surface
expression of MHC-I upon type I IFN treatment. H6 (A/J mouse-derived hep-
atoma H-2K*D¢) cells were grown in RPMI 1640 supplemented with 10% FCS.
PS (porcine kidney) cells were grown in minimum essential medium (MEM)
supplemented with 10% FCS and used for virus titrations, while C6/36 mosquito
cells were grown in MEM supplemented with 10% FCS and 10% tryptose
phosphate broth and used for virus collection.

Virus collection, titration, and infection of cells. JEV strain P20778, an isolate
from human brain, was used to infect C6/36 mosquito cells that were grown to
confluence at 28°C. Cells were infected at a multiplicity of infection (MOI) of 1
for 2 h at 28°C and maintained in MEM containing 2.5% FCS. Cell supernatants
were collected every 8 h for a period of 80 h and stored at —70°C before being
used for infection of cell lines. Virus titers were determined by PFU assays on PS
cells (1).

For infection, all the cells, including wild-type and mutant MEFs, were ad-
sorbed with virus at an MOI of 1 for 2 h, washed once, and cultured in fresh
medium containing 2.5% FCS. The cells were harvested after different times
postinfection (p.i.) and used for RNA and nuclear extract preparation as well as
fluorescence-activated cell sorting (FACS) analysis. Control cells were incubated
with fluid collected from uninfected C6/36 cells.

Semiquantitative reverse transcription-PCR (RT-PCR) analysis. Total RNA
was isolated from infected and control cells using Trizol reagent according to the
manufacturer’s instructions. The sequence of the gene-specific primers used in
this study and the procedure for PCR analysis have been previously published
(2). Briefly, 1.5 pg of total RNA was used for reverse transcription using Revert
Aid M-MuLV reverse transcriptase. The oligo(dT)-primed ¢cDNA was diluted
100X, 4 pl of the diluted cDNA was used for PCRs using gene-specific primers,
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and the products were resolved on 1.5% agarose gels. Several standardization
experiments were performed to ensure the semiquantitative nature of the results
obtained.

Quantitative real-time RT-PCR analysis. The real-time RT-PCR for the quan-
tification of MHC-I, IFN-B, and IFN-a mRNA was performed with the Express
SYBR GreenER qPCR Supermix (Invitrogen). PCR amplification was per-
formed in an Applied Biosystems 7900 HT fast real-time PCR system (Applied
Biosystems, Foster City, CA). Real-time PCR mixtures contained 5 pl of 2X
SYBR green Supermix, 1 ul of each primer, and 1.0 pl template cDNA, and
water was added to a final volume of 10 pl. Samples were subjected to the
following thermal cycling conditions: 50°C for 2 min and 95°C for 2 min, followed
by 40 cycles of 95°C for 15 s and 60°C for 1 min. The final stage consisted of 95°C
for 15 s, 60°C for 15 s, and 95°C for 15 s. This additional step allowed us to check
the melting temperature of the formed amplicons and thus the specificity of the
primers. For data analysis, the threshold cycle (2~24¢') method was used to cal-
culate fold change and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
expression was used as a reference gene for normalization of threshold cycles
(Ct). The specific primers used were as follows: K, 5'-GCCCTCAGTTCTCTT
TAGTCA-3" and 5'-GCCCTAGGTCAAGATGATAAC-3'; D°, 5'-CCCTGAA
CGAAGACCTGAAAACG-3" and 5'-CAGCAACGATCACCATGTAAGAG
TCAG-3'; IFN-a, 5'-CCTCCTAGACTCATTCTGCAAT-3' and 5'-CACAGG
GGCTGTGTTTCTTC-3'; IFN-B, 5'-AAGAGTTACACTGCCTTTGCCAT
C-3" and 5'-CACTGTCTGCTGGTGGAGTTCATC-3'; GAPDH, 5'-AGGTCG
GTGTGAACGGATTTGGC-3" and 5'-CTAAGCAGTTGGTGGTGGTGCAG
GATGC-3'".

Flow cytometric analysis (FACS). Cells (0.5 X 10°) were harvested and incu-
bated with the primary antibody at 4°C for 1 h. After incubation, the cells were
washed once with wash medium (DMEM with 1% FCS) and then incubated with
the secondary antibody at 4°C for 1 h. After being washed with wash medium, the
cells were fixed with 1.5% paraformaldehyde. For intracellular staining, cells
were fixed with BD Cytofix/Cytoperm solution and stained as published (2). All
samples were acquired using a FACScan cytometer (Becton Dickinson). Data
analysis of 10,000 events acquired for each sample was done using WinList
software.

ELISA. ELISA was carried out according to the manufacturer’s instructions.
Briefly, interferon standard samples and unknown samples were added along
with appropriate controls to an antibody-precoated microtiter plate in duplicate.
The plate was incubated for 1 h, washed with wash solution, and incubated with
detection antibody solution for 24 h in the case of IFN-a ELISA and 4 h for
IFN-B ELISA. Plates were washed three times, and horseradish peroxidase
(HRP) conjugate solution was added for 1 h. After washing, tetramethylbenzi-
dine (TMB) substrate solution was added and the reaction was stopped after 1 h.
The absorbance was measured at 450 nm within 5 min after the addition of stop
solution, and the concentration of IFN was determined. All incubations were
carried out at 24°C.

EMSA. Cells (3 X 10°) were washed with phosphate-buffered saline (PBS) and
resuspended in 400 pl ice-cold buffer A (10 mM HEPES, pH 7.9, 10 mM KCl, 0.1
mM EDTA, 0.1 mM EGTA, 1 mM dithiothreitol [DTT], 0.5 mM phenylmeth-
ylsulfonyl fluoride [PMSF]) by gentle pipetting. The cells were allowed to swell
on ice for 30 min, after which NP-40 was added to a final concentration of 0.6%
and the suspension was vigorously vortexed. The suspension was centrifuged at
4°C for 2 min at 12,000 rpm, and the nuclear pellet was resuspended in 50 pl
ice-cold buffer B (20 mM HEPES, pH 7.9, 0.4 M NaCl, 10 mM KCI, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, and 1 mM PMSF) containing leupeptin and
aprotinin (10 pg/ml). The tubes were vigorously rocked at 4°C for 30 min and
centrifuged for 15 min in a microcentrifuge. The supernatants containing the
nuclear proteins were stored at —70°C until analysis by Bradford assay and
electrophoretic mobility shift assay (EMSA).

Double-stranded oligonucleotides containing the NF-kB consensus sequence
(5'-AGTTGAGGGGACTTTCCCAGGC-3') and mutant sequence (5'-AGTTG
AGGCGACTTTCCCAGGC-3) were used for EMSA (31, 41). The oligonucle-
otides were end labeled with [y->*P]ATP using T4 polynucleotide kinase. EMSA
was performed in a total volume of 20 pl at 4°C. Thirty micrograms of nuclear
extracts was equilibrated for 20 min in binding buffer (10 mM Tris-HCI, pH 8.0,
75 mM KCl, 2.5 mM MgCl,, 0.1 mM EDTA, 10% glycerol, 0.25 mM DTT) and
1 pg of poly(dI-dC). The mixture was incubated with 3*P-labeled oligonucleotide
probe for 30 min on ice. Protein-DNA complexes were separated by electro-
phoresis on 5% native polyacrylamide gels followed by autoradiography for
visualization in a Biolmage analyzer (FLAS5100; Fuji Film, Japan).

For supershift assays, analysis was carried out with 2 pg of antibodies to p50
and p65 (RelA) subunits of the NF-kB complex by adding them individually
before the labeled oligonucleotide to the binding reaction mixture and incubat-
ing them for 30 min at 4°C.
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FIG. 1. Nuclear translocation of NF-«kB in JEV-infected MEFs. (A) EMSA was performed using uninfected and JEV-infected wild-type,
IKK1 /= IKK2/~, and RelA™’~ cRel /= p50~/~ MEFs as indicated on top. Lanes 1 to 4 represent EMSA performed with NF-kB-specific
oligomer, while lanes 5 to 8 represent EMSA performed with NF-kB mutant oligomer. Lanes 1, 5, 9, and 13 represent the oligomer alone; lanes
2, 6, 10, and 14 represent uninfected MEFs; and lanes 3, 7, 11, and 15 represent cells at 10 h p.i., while lanes 4, 8, 12, and 16 represent cells that
were infected for 14 h. The arrow indicates the specific NF-kB-DNA complex. (B) As labeled in panel A, wild-type, IKK1~/~ IKK2™/~, and
RelA™/~ cRel™’~ p50~/~ MEFs that were infected with JEV for 12 h were stained for the expression of intracellular JEV antigen. The arrow
indicates staining with primary antiflavivirus group-specific MAb followed by fluorescein isothiocyanate (FITC) anti-mouse secondary antibody,
while the unmarked histogram indicates staining with secondary antibody alone. The two histograms overlap in the insets, which represent staining

of uninfected cells.

RESULTS

JEV infection induces NF-«B DNA binding activity in wild-
type but not in IKK1~/~ IKK2~/~ MEFs. JEV infection was
shown to induce nuclear translocation of the NF-kB dimers
(2). Previous studies have suggested that the pathways that
control stimulus-responsive activation of the NF-«kB dimers are
highly interconnected (3). Not only were the canonical IKK2
and noncanonical IKK1 pathways both shown to activate
NF-kB DNA binding activity in the nucleus, but these path-
ways also significantly cross talk with each other within the
cellular milieu. Hence, we further attempted to map the sig-
naling axis that mediates NF-kB activation upon JEV infec-
tion. To this end, nuclear extracts were prepared from wild-
type MEFs at different time intervals after JEV infection and
NF-«B activation was analyzed by EMSA using NF-kB-specific
and mutant DNA oligomers. As shown in Fig. 1A, JEV infec-
tion induced the nuclear translocation of NF-«B in wild-type
MEFs (lanes 1 to 4). As expected, there was no DNA binding

with the mutant oligomer, confirming the specificity of the in
vitro DNA binding assay. It has been reported that TNF-in-
duced NF-kB activation is completely abrogated in MEFs de-
ficient in both IKK1 and IKK2 subunits (24). To address the
role of the IkB kinase (IKK) complex in JEV-infected cells, we
first infected IKK1~/~ IKK2~/~ (IKK-deficient) MEFs and
analyzed the NF-«kB activation by EMSA. As shown in Fig. 1A,
JEV-induced nuclear translocation of NF-kB was completely
abolished in IKK-deficient cells (lanes 9 to 12), indicating the
involvement of the IKK subunits. RelA™~ cRel ™/~ p50~/~
(NF-«B-deficient) MEFs that are devoid of canonical NF-«kB
subunits were shown to completely lack the NF-«kB activation
during both canonical TNF receptor (TNFR) and noncanoni-
cal LTBR signaling (5). The complete absence of DNA binding
in NF-«kB-deficient MEFs upon JEV infection (lanes 13 to 16)
was consistent with this previous finding and indicates a pos-
sible dominant role of the canonical dimers in the cellular
response to JEV infection. Nevertheless, intracellular staining
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FIG. 2. Status of canonical and noncanonical pathways of NF-«kB activation upon JEV infection. (A) EMSA was performed with uninfected
and JEV-infected IKK1~/~, IKK2™/~, NEMO /", and IFNAR /=~ MEFs as indicated on top. Lanes 1, 5, 9, and 13 represent the oligomer alone;
lanes 2, 6, 10, and 14 represent uninfected MEFs; lanes 3, 7, 11, and 15 represent cells infected for 10 h; and lanes 4, 8, 12, and 16 represent cells
infected for 14 h. (B) EMSA was performed with wild-type (WT) and IKK2™/~ MEFs and IKK2 "/~ MEFs that were reconstituted with the
wild-type IKK2 transgene (IKK2*). Lanes 1, 4, and 7 represent oligomer alone, and lanes 2, 5, and 8 represent uninfected cells, while lanes 3, 6,
and 9 represent infected cells. Arrows in panels A and B show the positions of the specific NF-kB complex. (C) As labeled, IKK1~/~, IKK2™/~,
NEMO /~, and IFNAR /- MEFs that were infected with JEV for 12 h were stained for the expression of intracellular JEV antigen. Arrows
indicate staining with primary antiflavivirus group-specific MADb followed by fluorescein isothiocyanate (FITC) anti-mouse secondary antibody,
while unmarked histograms indicate staining with secondary antibody alone. The two histograms overlap in the insets, which represent staining of

uninfected cells.

for viral antigen of infected WT, IKK-deficient, and NF-«kB-
deficient MEFs at 12 h p.i. showed that all three cell types were
infected (Fig. 1B), similarly indicating that the effects observed
were not due to defective JEV infection.

Delineating the JEV-induced NF-kB activation pathway.
Given that both IKK1 and IKK2 are capable of activating
NF-kB, albeit through distinct mechanisms (4), we sought to
examine the role of these individual IKK subunits in JEV-
induced NF-«kB activation. To this end, we infected wild-type,
IKK1/~, or IKK2™/~ MEFs and examined JEV-induced
NF-«kB activation at different time intervals after infection by
EMSA (Fig. 2A). JEV-induced nuclear translocation of the
NF-kB dimers was intact in IKK1~/~ MEFs (Fig. 2A, lanes 1
to 4) but was severely attenuated in IKK2 ™/~ MEFs (lanes 5 to
8) even at late time points. Furthermore, MEFs devoid of
NEMO, an essential component of the canonical IKK2-con-
taining kinase complex, also lack JEV-induced NF-«B activity
(lanes 9 to 12).

To further validate the idea that the abrogated NF-«kB ac-
tivity in IKK2™/~ MEFs was indeed due to the absence of
IKK?2 function, we utilized IKK2 /" cells that were reconsti-

tuted with a retrovirus expressing the wild-type IKK2 trans-
gene (5). NF-«kB activation was completely restored in this
reconstituted cell line, further confirming a critical role of
IKK?2 in the induction of NF-«kB during JEV infection (Fig. 2B,
top, compare lane 6 and lane 9). Therefore, our results indicate
that the canonical IKK2 pathway that transduces inflammatory
signals from TNFR is also important for NF-kB activation
during JEV infection, whereas the noncanonical IKK1 pathway
is dispensable.

As NF-kB was shown to be activated by type I IFNs (11) and
JEV is known to induce type I IFNs, we examined the role of
type I IFN-mediated autocrine feedback in JEV-induced
NF-kB activation. To this end, EMSA was performed utilizing
nuclear extracts derived from IFNAR ~/~ MEFs infected with
JEV, and the results show that NF-kB was indeed activated in
these cells (Fig. 2A, lanes 13 to 16). These analyses suggest that
JEV-induced NF-kB activation is independent of type 1 IFN
signaling and depends on the canonical IKK2 activity. Alterna-
tively, two functioning components, a type I IFN-dependent path-
way and a type I IFN-independent pathway, may be involved in
NF-kB activation and JEV may utilize the latter one in MEFs.
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FIG. 3. JEV-activated NF-«B is composed of p50 and p65. EMSA
and supershift assays were performed with nuclear extracts from wild-
type and IKK1~/~ MEFs as labeled on top. Lanes 1 and 6, oligomer
alone; lanes 2 and 7, uninfected cells; lanes 3 and 8, infected cells
obtained at 14 h p.i.; lanes 4 and 9, infected cells obtained at 14 h p.i.
along with anti-RelA specific antibodies; lanes 5 and 10, infected cells
obtained at 14 h p.i. along with anti-p50 specific antibodies. The arrow
indicates the NF-kB-DNA binary complex that is supershifted upon
addition of antibodies.

Intracellular staining for viral antigen of infected IKK1~/~,
IKK2~/~, NEMO/~, and IFNAR~/~ MEFs at 12 h p.i. re-
vealed that all three cell types supported infection similarly
(Fig. 2C), showing that the effects observed with IKK2™/~ and
NEMO /~ MEFs were not due to lack of efficient JEV infec-
tion.

Finally, we utilized nuclear extracts derived from wild-type
MEFs infected with JEV in a supershift assay to determine the
composition of the NF-kB dimers induced upon virus infec-
tion. As shown in Fig. 3, the NF-kB DNA binding complex
induced upon JEV infection in wild-type (lanes 1 to 5) or
IKK1~/~ MEFs (lanes 6 to 10) was completely supershifted by
RelA as well as p50-specific antibodies, indicating that the
NF-kB/RelA:p50 dimer constitutes the major JEV-induced
DNA binding dimer. Since JEV is neurotropic in nature, pri-
mary mouse brain astrocytes were also examined, and the
results showed that the JEV-induced NF-«kB activity was sim-
ilarly composed of RelA and p50 dimers (data not shown).

JEV-mediated induction of classical MHC-I gene (H-2K®
and H-2D") expression is not dependent directly on NF-kB. It
has been reported that WNV-induced expression of classical
MHC-I molecules occurs by both NF-kB-dependent and -in-
dependent mechanisms (8). To determine the role of NF-kB in
the induction of classical MHC-I molecules during JEV infec-
tion, we infected WT, IKK1/~, IKK2/~, NEMO ',
IKK1~/~ IKK2™/~, and RelA~~ cRel ™'~ p50~/~ MEFs and
analyzed the expression of classical MHC-I genes by semiquan-
titative and real-time RT-PCR analysis (Fig. 4 and Table 1).
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FIG. 4. RT-PCR analysis of classical MHC-I gene (H-2K” and
H-2D") expression in infected cells. RT-PCR analysis was carried out
for 30 cycles with uninfected and JEV-infected wild-type, IKK1~/~,
IKK2~/~, NEMO /", IKK1 /= IKK2~/~, RelA~/~ cRel ™/~ p50~/",
and IFNAR /= MEFs as indicated. Lanes 1, 5, and 9 represent cells
that were mock infected for 36 h. Lanes 2, 6, and 10 represent results
obtained at 12 h after infection. Lanes 3, 7, and 11 represent cells
obtained at 24 h p.i., while lanes 4, 8, and 12 represent cells at 36 h
after infection.

Our studies clearly show that the fold induction of classical
MHC-1 mRNAs upon JEV infection was not only intact in
IKK17/~ MEFs but also relatively unaffected in IKK2~/~,
NEMO /~, IKK1 /7 IKK2 /", and RelA™/~ cRel /™ p50~/~
MEFs that are defective in NF-«kB activation (Table 1). Both
H-2K and H-2D alleles were induced at 24 h (Fig. 4, lanes 3 and
7) and 36 h (lanes 4 and 8) p.i. in wild-type cells as well as in
all five mutant cell lines. Since the NF-kB-independent mech-
anism of MHC-I induction utilized by WNV is mediated by
type I IFNSs (8), we analyzed IFNAR '~ MEFs, and our results
clearly document that JEV-induced expression of classical
MHC-1 (H-2K” and D”) genes was significantly reduced in
IFNAR '~ MEFs (Fig. 4 and Table 1). Therefore, our analy-
ses suggest that classical MHC-I gene expression upon JEV
infection is not directly dependent on NF-kB but depends
largely on type I IFN signaling.

TABLE 1. Quantitative real-time RT-PCR analysis of MHC-I and
type I IFN gene expression

Fold change (X 10)"<

MEF type
H-2K” H-2D" IFN-a IFN-B8
WT 162 1.7 157=0.7 191.0 = 36.7 545.8 =35.6
IKK1~/~ 16.2+23 135*=15 1879 £34.0 5255+ 144
IKK2~/~ 130+23 143+17 502+88 81.7+09.1
IKK2*¢ ND¢ ND 128.8 = 8.6 4229 = 40.0
NEMO '~ 16428 14729 383=*50 752=113
IKK1 -/~ IKK2~/~ 144+30 135+05 47.9+79 805+ 10.1
RelA™/~ cRel /~ p5S0~/~ 175=08 160=13 443 =111 81.5*17.6
IFNAR ~/~ 0700 04=01 06*02 459=71

“ Fold change is represented as mean * standard deviation of three indepen-
dent PCR analyses of the same cDNA sample used for Fig. 4 and 5.

® H-2 gene expression was analyzed at 36 h p.i.

¢IFN gene expression was analyzed at 24 h p.i.

4 TKK27/~ cells reconstituted with wild-type TKK2.

¢ ND, not done.
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FIG. 5. Quantification of type I IFN production by RT-PCR anal-
ysis and ELISA. (A) As indicated on top, RT-PCR analysis of IFN-a,
IFN-B, and GAPDH expression was performed for 27 cycles using
JEV-infected wild-type (WT), IKK1~/~, and IKK2~/~ MEFs; IKK2~/~
cells that were reconstituted with the wild-type IKK2 transgene
(IKK2*); and IFNAR ™/~ MEFs. Lanes 1, 5, and 9 represent cells that
were mock infected for 36 h; lanes 2, 6, and 10 represent cells that were
infected for 12 h; lanes 3, 7, and 11 represent cells at 24 p.i.; and lanes
4,8, and 12 represent cells obtained at 36 h after infection. (B and C)
Quantification of IFN-a and IFN-B in the supernatants of JEV-in-
fected MEFs. As indicated on the left, wild-type (WT), IKK1~/~, and
IKK2 '~ MEFs; IKK2 /" cells that were reconstituted with the wild-
type IKK2 transgene (IKK2*); and IFNAR '~ MEFs were infected
for 36 h, and the levels of IFN-a (B) and IFN-B (C) in culture super-
natants were analyzed by ELISA. Data represent the mean levels of
IFN (ng/ml) produced from 2 X 10° cells + standard errors of the
means of triplicate assays in a total volume of 2.5 ml.

NF-kB is involved in the production of type I IFNs in MEFs
upon JEV infection. Given that classical MHC-I gene expres-
sion relies largely on type I IFN and not on NF-«kB signaling,
we asked if the production of IFN-«a and IFN- is intact in cells
defective in NF-«kB activation. As shown in Fig. 5A, our RT-
PCR analysis revealed that JEV infection similarly induced the
expression of IFN-a and IFN-B in wild-type and IKKI1~/~
MEFs. However, the fold induction in the expression of type I
IFN genes was reduced but not completely abolished in
IKK2~/~ MEFs (Table 1) as well as in NEMO~/~, IKK1~/~
IKK2 /", and RelA™/~ cRel ™/~ p50 '~ MEFs that lack JEV-
induced NF-«kB activation (see Fig. S2A in the supplemental
material). It was also observed that the fold decrease in the
expression of IFN-a was greater than that of IFN-B in the
above-mentioned mutants and that its expression decreased
further but was not abolished in IFNAR ™/~ MEFs (Table 1).

J. VIROL.

Time course ELISA analysis (see Fig. S2B and S2C in the
supplemental material) using virus-infected wild-type MEFs
showed that maximum amounts of type I IFNs were present in
the culture supernatants at 36 h after infection. Hence, type I
IFN production levels were compared at 36 h p.i. using wild-
type and mutant MEFs. As shown in Fig. 5B and 5C, there was
a significant reduction in the levels of both IFN-« and IFN-B in
the supernatants of JEV-infected IKK2 '~ but not in IKK1 ™/~
MEFs. While IFN- levels were reduced further in IFNAR ™/~
MEFs, IFN-a levels were negligible. Reduced type I IFN levels
were also observed in NEMO /~, IKK1/~ IKK2~/~, and
RelA™/~ cRel ™/~ p50~'~ MEFs (see Fig. S2B and S2C). These
observations further suggested that type I IFN induction by
JEV utilizes both NF-kB-dependent and NF-kB-independent
mechanisms and that the NF-kB-independent activation of
type I IFNs may be sufficient to drive classical MHC-I gene
expression.

To further validate the idea that the reduced production of
type I IFNs in IKK2/~ cells was indeed due to the absence of
IKK2 function, we utilized IKK2 /~ cells that were reconsti-
tuted with a retrovirus expressing the wild-type IKK2 trans-
gene. As shown in Fig. 5 and Table 1, IKK2 reconstitution
(IKK2*) clearly restored the ability of IKK2~/~ cells not only
to induce significant IFN-a and IFN-B gene expression (Fig.
5A) but also to produce IFN-a and IFN-B upon JEV infection
(Fig. 5B and 5C).

JEV-induced surface expression of MHC-I is reduced in
MEFs deficient in type I interferon but not in NF-kB signal-
ing. Infected wild-type and mutant MEFs were analyzed by
FACS in order to address the role of endogenously produced
type I IFNs in JEV-mediated induction of H-2K® and H-2D"
classical MHC-I molecules on the cell surface. As shown in Fig.
6A and B, cell surface expression of MHC-I was intact in all
mutant cells that are devoid of NF-«kB function despite re-
duced type I IFN production in the culture supernatants. How-
ever, JEV-induced cell surface expression of MHC-I was com-
pletely abolished in IFNAR '~ MEFs (Fig. 6B). To address if
the low level of IFNs produced through an NF-kB-indepen-
dent mechanism was sufficient for classical MHC-I expression,
control wild-type MEFs were cultured using various amounts
of exogenously added type I IFNs. As shown in Fig. 6C, addi-
tion of as low a concentration as 1 ng/ml of either IFN-a
(middle) or IFN-B (right) significantly induced cell surface
expression of MHC-I, suggesting that the low levels of type I
IFNs produced by mutant MEFs were sufficient to induce cell
surface MHC-I expression that is comparable to JEV infection
(left). These observations also indicated that type I IFNs, not
NF-kB, play a major role in the induction of MHC-I molecules
upon JEV infection.

We have earlier shown that this neurotropic virus induces
the cell surface expression of classical MHC-I molecules not
only in primary mouse brain astrocytes and wild-type MEFs
but also in L929 and 3T3 mouse fibroblasts and murine H-6
hepatoma cells (2). In addition, flaviviruses are reported to
infect many cell types (21). Although all the above studies
utilized MEFs due to the availability of appropriate mutant
MEFs, it was observed that the ability of JEV to activate
NF-kB was also considerably reduced in H-6 hepatoma cells
relative to WT MEFs (see Fig. S3A in the supplemental ma-
terial). This effect was examined further since H-6 has been
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FIG. 6. Cell surface expression of classical MHC-I (H-2") antigens. (A) Flow cytometric analysis of H-2" expression on control and JEV-
infected IKK1~/~, IKK2~/~, and NEMO '~ MEFs at 36 h after infection. (B) H-2" expression on control and IKK1~/~ IKK2~/~, RelA™/~ cRel /~
p50~/, and IFNAR '~ MEFs that were infected with JEV for 36 h. (C) H-2" expression on uninfected and infected wild-type cells at 36 h p.i.
is shown at left. Staining with primary (anti-H-2P specific MAb) and fluorescein isothiocyanate (FITC) anti-mouse secondary antibody is indicated
by arrows for infected cells and by unmarked broken lines for uninfected cells, while dashed lines indicate staining with secondary antibody alone.
Figures in the middle (IFN-) and right (IFN-B) of the panel represent H-2" expression on wild-type MEFs treated for 36 h with 1, 2, and 10 ng/ml
of either IFN-a or IFN-B, respectively, as indicated by arrows. The same standard IFNs obtained for ELISA measurements were used. In all
histograms, dashed lines represent staining with FITC-conjugated secondary antibody alone, while H-2" expression is indicated by unmarked lines

in untreated cells and arrow marks in treated/uninfected cells.

utilized as a model system to study the role of IFNs in the
induction of MHC-I as well as molecules involved in antigen
presentation (33). The ability of H-6 to upregulate cell surface
expression of MHC-I upon JEV infection remained unaffected
despite the concomitant decrease in type I IFN production,
suggesting that the decreased ability of JEV to induce type I
IFN production in the absence of NF-kB activation also oc-
curred in H-6 hepatoma cells.

DISCUSSION

NF-«kB controls the expression of genes involved in immune
responses, apoptosis, and the cell cycle (6, 18, 38). It has been
shown to play a major role in flavivirus-mediated induction of
MHC antigens (8, 9, 21), and viral modulation of the NF-«kB

pathway is well known (6, 17, 41). In addition to NF-«B acti-
vation, MHC-I induction by flavivirus has also been reported
to be due to increased peptide transport into the lumen of the
endoplasmic reticulum (29). Our earlier study with mouse
brain astrocytes showed that JEV infection results in the in-
duction of the nonclassical MHC-I H-2T23, H-2Q4, and
H-2T10 genes in addition to MHC-I, Tapl, Tap2, Tapasin,
Lmp2, Lmp7, and Lmp10 but not CD80, CD86, and MHC-II
genes (2). Since NF-«B can be activated by two distinct path-
ways—canonical and noncanonical—we have used mutant
MEFs devoid of different signaling components to examine
their respective roles in MHC-I induction by JEV. The canon-
ical pathway functions to maintain the survival of immune cells
during bacterial and inflammatory stimulation. In contrast, the
noncanonical pathway is associated with the development of
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lymphoid organs that ensure the mounting of an effective im-
mune response (3, 6). Our finding that JEV infection activates
the canonical NF-kB pathway is clearly supported by data
involving EMSA and gene transcription as well as cell surface
expression analyses. It is possible that this strategy may help to
delay cellular apoptosis in cells infected with a cytopathic virus
such as JEV.

To analyze the role of interferon and NF-«B signaling dur-
ing JEV infection, we used different knockout MEFs, which
are defective either in NF-kB or in interferon signaling. The
abilities of these mutant cell lines to support comparable levels
of infection by JEV were ascertained by measuring the pres-
ence of intracellular viral antigen (Fig. 1 and 2) as well as the
production of virus in cell culture supernatants. Virus titers
obtained 36 h after infection were comparable in all the cells
used in this study except for IFINAR ™/~ MEFs, where the titers
were 3- to 4-fold higher. However, infection of IFNAR ™/~
MEFs at lower MOIs of 0.5 and 0.1 did not result in either
MHC-I induction or type I IFN production (data not shown),
and we have reported earlier that JEV was able to induce the
expression of T10, a nonclassical MHC-I gene, in IFNAR ™/~
cells (2) when infected under similar conditions. Hence, we
believe that the consequences of higher virus replication would
not explain the observed lack of JEV-induced MHC expression
in these mutants. Nuclear translocation of NF-kB was robustly
induced in JEV-infected wild-type or IKK1 /~ MEFs but
decreased significantly in IKK2~/~ and NEMO~/~ MEFs,
whereas it was completely abolished in IKK1~/~ IKK2™/~
(IKK-deficient) MEFs. These studies that use MEFs deficient
in different subunits of IkB kinase (IKK) complex were further
substantiated by using MEFs deficient in NF-kB proteins—
p50, RelA, and cRel (NF-kB deficient)—and our results show
that NF-kB activation was also completely abolished in MEFs
deficient in canonical NF-«kB proteins.

The manner in which these pathways are activated by JEV
and the involvement of JEV proteins in the process of NF-kB
activation are presently unknown. It has been shown that Toll-
like receptor 3 (TLR3) is involved in the entry of the related
flavivirus WNV into cells (40), and since TLRs are capable of
activating NF-kB, TLR3 could be involved in NF-kB activation
upon JEV infection. Other candidates include RIG-I (RNA
helicase) or PKR, each of which is able to recognize double-
stranded RNA (dsRNA), which finally leads to NF-«B activa-
tion (20, 42). The functional significance of JEV-induced
NF-«kB activation in the induction of MHC-I molecules was
examined, since other flaviviruses have been shown to induce
MHC-I in an NF-kB-dependent manner (8, 22). However, it
was observed that MHC-I induction by JEV remained intact
despite the absence of NF-«kB activation. Along with the ob-
servation that MHC-I was not inducible by JEV in IFNAR /"~
cells, this suggested that MHC-I induction in JEV-infected
MEFs was largely type I IFN dependent and NF-«kB indepen-
dent. These observations suggest that JEV differs from WNV,
a related flavivirus, not only with regard to its ability to induce
MHC-I in an NF-«kB-independent manner but also with regard
to its inability to induce MHC-II, in contrast to WNV (21).

Our results also suggest a role for NF-kB in the induction of
type I IFNs during JEV infection. JEV-induced type I IFN
production was significantly reduced in cells that were deficient
in NF-«kB activation. Our observation is explained by the pre-
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vious findings that IFN- is known to be regulated by NF-«kB
and that production of IFN-a requires IFN- and is completely
abolished in MEFs deficient in IFN-B production (12, 30).
Hence, the reduced levels of IFN-« in cells defective in NF-«xB
function could be due to decreased IFN-B production. Intact
cell surface MHC-I expression despite decreased IFN produc-
tion may be due to the possibility that the decreased levels of
IFN produced in these NF-«kB-deficient cells upon virus infec-
tion were sufficient to bring about induction of MHC-I (Fig.
6C). The lack of induction of cell surface MHC-I expression in
IFNAR ™/~ cells despite the presence of type I IFNs in the
culture supernatant, although at lower concentrations, is ex-
plained by the lack of functional receptor. These cells also lack
MHC-I induction upon exogenous addition of type I IFNs
(data not shown).

JEV is known to block IFN-stimulated Jak-Stat signaling by
preventing Tyk2 and Stat phosphorylation (26, 27). However,
although we observed a modest decrease in type I IFNs (1) at
48 h p.i. (see Fig. S2B and C in the supplemental material), no
inhibition of MHC-I expression was observed either in primary
astrocytes (2) or in wild-type and mutant MEFs (this study).
TNF is known to induce MHC-I expression (10), and TNF
levels increase in JEV patients (34) as well as in WNV-infected
MEFs (9). IKK2 ™/~ MEFs that lack TNF-induced NF-kB ac-
tivation reveal intact MHC-I expression upon JEV infection,
although their failure to respond significantly to exogenously
added TNF compared to WT cells was verified (see Fig. S1A,
lanes 6 and 7, and Fig. S1B, lanes 5 and 6). Hence, the con-
tribution of TNF to MHC-I expression in mutant or wild-type
cells is unlikely. WNV-induced MHC-I has also been reported
to be TNF independent (9).

Hence, residual type I IFNs produced by NF-kB-indepen-
dent mechanisms possibly mediated by IFN regulatory factor 3
(IRF3) may also play a role in inducing the expression of
classical MHC-I molecules during JEV infection. Additional
activation pathways for type I IFNs involving TLRs and RIG-
I/MDA-5-mediated activation of IRF3 and IRF7 have also
been reported for JEV, WNV, and dengue virus (7). In sum-
mary, to our knowledge, this is the first report in which the
status of canonical and noncanonical pathways of NF-«kB acti-
vation as well as the relatively NF-kB-independent nature of
classical MHC-I induction has been shown during JEV infec-
tion. However, the possibility that different cell types may
engage a different mechanism to induce MHC-I upon infection
with this neurotropic virus cannot be unambiguously ruled out.
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