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ABSTRACT The mumps virus (MuV) small hydrophobic protein (SH) is a type I
membrane protein expressed in infected cells. SH has been reported to interfere
with innate immunity by inhibiting tumor necrosis factor alpha (TNF-�)-mediated
apoptosis and NF-�B activation. To elucidate the underlying mechanism, we gener-
ated recombinant MuVs (rMuVs) expressing the SH protein with an N-terminal FLAG
epitope or lacking SH expression due to the insertion of three stop codons into the
SH gene. Using these viruses, we were able to show that SH reduces the phosphory-
lation of IKK�, I�B�, and p65 as well as the translocation of p65 into the nucleus of
infected A549 cells. Reporter gene assays revealed that SH interferes not only with
TNF-�-mediated NF-�B activation but also with IL-1�- and poly(I·C)-mediated NF-�B
activation, and that this inhibition occurs upstream of the NF-�B pathway compo-
nents TRAF2, TRAF6, and TAK1. Since SH coimmunoprecipitated with tumor necrosis
factor receptor 1 (TNFR1), RIP1, and IRAK1, we hypothesize that SH exerts its inhibi-
tory function by interacting with TNFR1, interleukin-1 receptor type 1 (IL-1R1), and
TLR3 complexes in the plasma membrane of infected cells.

IMPORTANCE The MuV SH has been shown to impede TNF-�-mediated NF-�B acti-
vation and is therefore thought to contribute to viral immune evasion. However, the
mechanisms by which SH mediates NF-�B inhibition remained largely unknown. In
this study, we show that SH interacts with TNFR1, IL-1R1, and TLR3 complexes in in-
fected cells. We thereby not only shed light on the mechanisms of SH-mediated
NF-�B inhibition but also reveal that SH interferes with NF-�B activation induced by
interleukin-1� (IL-1�) and double-stranded RNA.
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Mumps virus (MuV) causes acute infections in humans which are characterized by
parotitis, fever, headache, and fatigue (1). MuV is highly neurotropic with involve-

ment of the central nervous system (CNS) in half of all cases, where it can induce aseptic
meningitis or encephalitis. Other complications include orchitis, oophoritis, pancreatitis,
and deafness (2). Mumps is a vaccine-preventable disease, and worldwide vaccination
campaigns have led to a considerable reduction of incidence (3–5). However, in recent
years, an increasing number of mumps outbreaks have been reported worldwide within
vaccinated populations (6–11).

MuV, a member of the Paramyxoviridae family, is an enveloped virus with a non-
segmented negative-stranded RNA genome encoding nine proteins in seven tandemly
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linked transcription units (2). The gene encoding the small hydrophobic protein (SH) is
located in a highly variable region of the MuV genome and is therefore used for
genotyping according to a WHO protocol (12–15).

Previous results provided evidence that the SH protein is a type I membrane protein
expressed in the membrane of infected cells (16). Like the SH proteins of related
paramyxoviruses, MuV SH is not essential for virus growth in tissue culture (17–21).
Nevertheless, it is suspected to be a viral antagonist to the host’s innate immune
system, since it has been shown to interfere with the release of tumor necrosis factor
� (TNF-�) from infected cells and to impede with the activation of TNF-�-mediated
nuclear factor �B (NF-�B) in transiently transfected cells (21, 22). The precise mechanism
of SH-mediated NF-�B inhibition, however, remained to be uncovered.

NF-�B transcription factors play a crucial role in the activation of the innate immune
system. They are activated by the binding of cytokines like TNF-� to tumor necrosis
factor receptor 1 (TNFR1) or interleukin-1� (IL-1�) to interleukin-1 receptor type 1
(IL-1R1) (23). Furthermore, the activation of Toll-like receptors (TLRs) promotes NF-�B-
regulated gene expression through the detection of pathogen-associated molecular
patterns (PAMPs), including bacterial products like triacylated lipoproteins, recognized
by TLR2 in combination with TLR1 (24), and lipopolysaccharides (LPS), which activate
NF-�B via binding to TLR4 (25). In contrast, TLR3 recognizes double-stranded RNA
(dsRNA) molecules derived from viruses and their replication intermediates (26).

NF-�B is a mono- or heterodimer of two Rel proteins. In the canonical pathway,
NF-�B consists primarily of the proteins p50 and p65 (23). Inactive NF-�B is associated
with its inhibitor, I�B� (inhibitor of �B�), and is located in the cytoplasm. Receptor
stimulation leads to the recruitment of adaptor proteins like receptor-interacting
serine/threonine-protein kinase 1 (RIP1), interleukin-1 receptor-associated kinase 1
(IRAK-1), or myeloid differentiation primary response gene 88 (MyD88) to specific
receptors. The recruitment of these adaptor proteins leads to the activation of kinase
cascades that ultimately converge in the activation of the kinase complex IKK�/�. Once
activated, the IKK� subunit phosphorylates I�B� at position serine 32 (Ser32), resulting
in further ubiquitination and proteasome-mediated degradation of I�B�, thereby un-
masking the nuclear localization signal (NLS) sequence of NF-�B subunit p65 (27).
Consequently, p65 is transported into the nucleus and binds to its specific target DNA
sequences (28). In addition to the phosphorylation of I�B�, IKK� also directly phos-
phorylates p65 at position Ser536, which enhances the transcriptional activation of
NF-�B target genes (29).

In order to elucidate the mechanism of SH-mediated NF-�B inhibition, we generated
SH-expressing and, by inserting three stop codons, SH-deficient rMuVs, each with a
FLAG epitope fused to the SH gene. These modifications enabled us to detect SH
protein expression or deficiency in infected cells while maintaining the viral genomic
structure important for proper virus replication. Using these viruses, we revealed that
the SH protein reduces NF-�B activation by decreasing IKK�, I�B�, and p65 phospho-
rylation as well as p65 translocation into the nucleus of infected cells. In addition, we
demonstrated for the first time that SH impedes TNF-�- as well as IL-1�- and poly(I·C)-
mediated NF-�B activation. Since we found that SH coimmunoprecipitated with TNFR1,
RIP1, and IRAK1, we propose that SH exerts its inhibitory effect in the membrane of
MuV-infected cells by interacting with receptor complexes involved in NF-�B activation.

RESULTS
Rescue of recombinant mumps viruses. To characterize the function of the SH

protein in the context of MuV infection, SH-expressing and SH-deficient recombinant
mumps viruses were generated. In each virus, a FLAG epitope was fused to the N
terminus or the C terminus of the SH protein (rMuV-SH, rMuV-SHstop, rMuV-SH-C, and
rMuV-SHstop-C) (Fig. 1A). The FLAG epitope was introduced due to the absence of an
antibody against the SH protein to allow the detection of SH. The successful generation
of the rMuVs was indicated by observing syncytium formation in transfected BSR-T7
cells after 7 days (Fig. 1B) and by detection of F protein expression in Vero76 cells
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infected with the rescued rMuVs by immunofluorescence (Fig. 1C). Integrity of the
rMuVs was verified by sequencing. The expression of the SH protein in rMuV-SH- and
rMuV-SH-C-infected cells was confirmed by Western blot analysis. Furthermore, the SH
protein was not detected in cells infected with SH-deficient viruses rMuV-SHstop and
rMuV-SHstop-C (Fig. 1D).

Characterization of rMuV growth and SH membrane orientation. To analyze if
the lack of SH protein expression influences viral replication, we investigated extracel-
lular rMuV titers after infection of Vero76 cells. As shown in Fig. 2A, all rMuVs replicated

FIG 1 Generation of rMuV with mutated SH genes. (A) Scheme of the MuV genome and the modified SH fragments of the generated
rMuVs. For the SH-deficient viruses, the positions of introduced stop codons starting at the ATG of SH (rMuV-SHstop-C) and the FLAG
epitope sequence (rMuV-SHstop) are stated. (B) BSR-T7 cells were transfected with pG-MuV-FL_SH-N-flag, pG-MuV-FL_SH-3stop-N-flag,
pG-MuV-FL_SH-C-flag, or pG-MuV-FL_SH-3stop-C-flag plus pMuV-L, pMuV-N, and pMuV-P. As a negative control (mock), cells were
transfected with pMuV-EGFP. Pictures of syncytia were taken at 7 days posttransfection. (C) Vero76 cells were infected with rMuV-SH,
rMuV-SHstop, rMuV-SH-C, or rMuV-SHstop-C at an MOI of 0.01 or left untreated (mock). At 2 days p.i., cells were fixed and stained using
an MuV F-specific Cy3-coupled antibody and DAPI. Images were generated using a Zeiss cLSM780 confocal laser scanning microscope.
(D) At 3 days p.i., rMuV-infected Vero76 cells (MOI, 0.01) were lysed and subjected to Western blot analysis. MuV N and GAPDH were
detected by specific monoclonal antibodies, and MuV SH was detected by an anti-FLAG antibody.
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to comparable titers, indicating no pronounced effect of the SH protein on virus
replication. Additionally, extracellular titers of an rMuV with an unchanged genome
were compared to rMuV-SH, revealing no noticeable effect of the insertion of the FLAG
epitope on virus replication (data not shown).

The expression kinetics of the SH and the N protein in rMuV-infected cells were
analyzed next. We used Vero76 cells, since this cell line is routinely used for MuV
propagation, and also A549 cells, because epithelial cells are assumed to be a primary
target for MuV in vivo (2). Syncytium formation was similar for all viruses at all time
points (data not shown). Flow cytometry analysis revealed a significantly earlier expres-
sion of the SH protein in A549 cells infected with rMuV-SH than with rMuV-SH-C

FIG 2 rMuV replication and SH protein expression. (A) Vero76 cells were infected with rMuV-SH, rMuV-SHstop, rMuV-SH-C, or rMuV-
SHstop-C at an MOI of 0.01. Supernatants were collected at the indicated time points and titrated in triplicate on Vero76 cells. The
detection limit due to assay procedure is 102 (dashed line). The graph depicts means � standard deviations (SD) from one representative
experiment for which three independent infections were performed at the same time. A549 (B and D) and Vero76 (C and E) cells were
infected with rMuVs at an MOI of 5. Cells were harvested at the indicated time points and analyzed by flow cytometry. Total SH protein
(B and C) was detected using an APC-conjugated FLAG-specific antibody. The values of rMuV-SHstop or rMuV-SHstop-C were subtracted
from the values of rMuV-SH or rMuV-SH-C. Total N protein (D and E) was detected using an N-specific primary antibody and an Alexa Fluor
488-conjugated secondary antibody. The values of mock-infected cells were subtracted from the values of rMuV-infected cells. Graphs
depict means � SD from three individual experiments. *, P � 0.05; results were calculated by unpaired t tests with a two-tailed P value.
(F) A549 cells were infected with rMuVs at an MOI of 5 and harvested at 20 h postinfection. Cells were treated with 0.5% saponin
(permeabilized) for intra- and extracellular SH detection or not treated (nonpermeabilized) for extracellular SH detection by flow
cytometry. Staining and calculation for total SH protein were carried out as described for panels B and C. The graph depicts means � SD
from three individual experiments. ***, P � 0.001; results were calculated by unpaired t tests with a two-tailed P value.
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(Fig. 2B, 10 and 12 h postinfection [p.i.]). At the later time points, similar numbers of
cells expressed SH regardless which virus was used for infection, with approximately
60% of cells being positive for SH expression at 20 h p.i. (Fig. 2B). Vero76 cells infected
with rMuV-SH or rMuV-SH-C showed no statistically significant differences in the level
of SH-positive cells at all time points. At 20 h p.i., approximately 50% of rMuV-infected
Vero76 cells expressed the SH protein (Fig. 2C). To determine infection rates, rMuV-
infected A549 and Vero76 cells were analyzed for the expression of the viral N protein.
Independently of the expression of the SH protein or the location of the FLAG epitope
fused to the SH gene, similar numbers of cells expressed the N protein, suggesting a
similar rate of infection for all rMuVs, and differences were found not to be statistically
significant (Fig. 2D and E).

The SH protein has been described as a membrane protein with its N terminus
located at the cell surface and its C terminus orientated toward the cytoplasm (16). To
corroborate these data in the context of an MuV infection, permeabilized and nonper-
meabilized rMuV-infected A549 cells were examined for SH expression by staining the
SH protein with an anti-FLAG antibody followed by flow cytometry analysis. In non-
permeabilized cells, the SH protein was detected in rMuV-SH- but not in rMuV-SH-C-
infected cells (Fig. 2F, gray bars), confirming that the N terminus is oriented toward the
extracellular space and classifying SH as a type I membrane protein. We therefore
assume that the C-terminal domain of SH may interfere with cellular signaling path-
ways, which might be influenced by a C-terminal FLAG tag. Because of this, we decided
to perform all further studies with rMuV-SH and rMuV-SHstop exclusively.

The SH protein reduces phosphorylation of IKK�, I�B�, and p65. To investigate
if the SH protein influences NF-�B activation in the context of MuV infection, phos-
phorylation of IKK� and its substrates, I�B� and p65, was analyzed by Western blotting.
A549 cells were lysed at 1, 15, and 20 h p.i. and analyzed with respect to the amounts
of total IKK�, I�B�, and p65 and of their phosphorylated forms. MuV N and SH proteins
were detected as a control for successful infection. Uninfected cells, either nonstimu-
lated or stimulated with TNF-�, served as controls for NF-�B activation. At 1 h p.i., levels
of phosphorylated IKK� in rMuV-SH- and rMuV-SHstop-infected cells were comparable
to those of stimulated control cells (Fig. 3A), possibly due to the large amount of virus
particles and serum components in the suspension used for infection. In contrast, at
later time points of infection, the levels of phosphorylated IKK� were lower in all
infected cells. However, the phosphorylation was even more reduced in the presence
of the SH protein in rMuV-SH-infected cells compared to cells infected with rMuV-
SHstop which lack SH expression. The amount of total IKK� was not affected by SH. This
indicates that SH does not influence IKK� expression but rather reduces IKK� phos-
phorylation (Fig. 3A). The analysis of I�B� (Fig. 3B) and p65 (Fig. 3C) phosphorylation
also revealed lower levels of phosphorylation in rMuV-SH-infected compared to rMuV-
SHstop-infected cells at 15 h and 20 h p.i., demonstrating that SH also leads to reduced
I�B� and p65 phosphorylation.

The SH protein decreases p65 translocation into the nucleus. The reduced levels
of IKK� and I�B� phosphorylation in the presence of SH suggested that the translo-
cation of p65 into the nucleus might also be diminished by SH in infected cells. This
assumption was investigated by immunofluorescence analysis. Therefore, rMuV-
infected A549 cells were fixed at 15 h and 20 h p.i. and stained for p65 and MuV N
protein. At both time points, syncytia as well as the N protein were detected; no
difference in infection rate between cells infected with rMuV-SH or rMuV-SHstop was
observed (Fig. 4A; data for 15 h p.i. are not shown). In contrast, at both time points the
number of cells with nuclear localization of p65 was significantly reduced by about 84%
in cells infected with rMuV-SH compared to levels in cells infected with rMuV-SHstop
(1.4% versus 9.8% of cells were positive for p65 nuclear localization at 15 h p.i. and 4.8%
versus 28.2% at 20 h p.i.) (Fig. 4A and B). The closeup of representative syncytia at 20
h p.i. highlights that p65 is distributed evenly across the cytoplasm in most of the cells
infected with rMuV-SH, whereas in rMuV-SHstop-infected cells, p65 is almost entirely
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localized in the nuclei. These data support the assumption that SH interferes with the
translocation of p65 into the nucleus of infected cells.

The SH protein interferes with NF-�B activation at the level of receptor com-
plexes. The impact of SH on NF-�B activation for a number of different stimuli and
receptors was investigated using a firefly luciferase reporter gene assay. 293G and A549
cells were transfected with the luciferase reporter plasmid and a plasmid encoding SH
or an empty vector as a control. NF-�B activation was stimulated by the treatment of
the cells with either TNF-� (ligand of TNFR1), the dsRNA analogue poly(I·C) (ligand of
TLR3), IL-1� (ligand of IL-1R1), the synthetic triacylated lipopeptide Pam3CSK4 (ligand
of TLR1/2), or LPS (ligand of TLR4). In 293G cells, TNF-� and poly(I·C) induced a 15- or
20-fold NF-�B activation, respectively (Fig. 5A, black bars). Treatment with IL-1�,
Pam3CSK4, or LPS resulted in less than a 2-fold activation of NF-�B. In the presence of
SH, NF-�B activation was significantly reduced by about 60% when induced by TNF-�
or poly(I·C) (Fig. 5A, gray bars). Due to the low level of activation following stimulation
with IL-1�, Pam3CSK4, or LPS, the effect of SH was not investigated after treatment with
those stimuli. In A549 cells, TNF-� and IL-1� induced a 140- or 130-fold activation,

FIG 3 Effect of SH on the phosphorylation of NF-�B pathway proteins. A549 cells were infected with
rMuV-SH or rMuV-SHstop at an MOI of 5. As a positive control, cells were stimulated with TNF-� (100
ng/ml) for 15 min (�). Untreated cells served as a negative control (�). Cells were lysed at time points
indicated and analyzed by Western blotting for phosphorylation of IKK� at Ser177/181 (A), I�B� at Ser32
(B), and p65 at Ser536 (C) using antibodies specific for the phosphorylated form of the respective protein.
Detection of total levels of IKK�, p65, I�B�, �-actin, MuV N, and MuV SH served as controls. The data
shown are representative of three independent experiments.

Franz et al. Journal of Virology

September 2017 Volume 91 Issue 18 e01037-17 jvi.asm.org 6

http://jvi.asm.org


respectively, which was also reduced significantly in the presence of the SH protein by
about 60% (Fig. 5B). Treatment with Pam3CSK4, LPS, and poly(I·C) resulted in a 20-, 6-,
and 2-fold NF-�B activation, respectively, which was reduced in the presence of SH by
60% in cells treated with Pam3CSK4 and by 30% in cells treated with LPS, albeit not
significantly. Reduction upon poly(I·C) stimulation was not investigated due to the low
level of NF-�B activation. Taken together, these findings indicate that the SH protein
hinders activation of NF-�B via stimulation of not only TNFR1 but also of IL-1R1 and
TLR3.

Additionally, the impact of the SH protein on NF-�B activation was investigated in
infected A549 cells. NF-�B activation following stimulation with TNF-� and IL-1� was
reduced by about 60% in rMuV-SH-infected cells compared to rMuV-SHstop-infected
cells, confirming the impact of SH on NF-�B activation via the stimulation of TNFR1 and
IL-1R1 also in the context of an MuV infection (Fig. 5C).

To narrow down at which point in the respective signaling pathway the SH protein
interferes with NF-�B activation, cells were transfected with plasmids encoding the
proteins MyD88, TRAF2, TRAF6, TAK1, and IKK�. Overexpression of these proteins
results in the activation of the NF-�B pathway downstream of the respective protein.
293G cells were cotransfected with the luciferase reporter plasmid and a plasmid
encoding SH or the empty vector as a control. As shown in Fig. 5D, the SH protein

FIG 4 p65 translocation in rMuV-infected cells. A549 cells were infected with rMuV-SH or rMuV-SHstop at an MOI
of 5. (A) At 20 h p.i., cells were fixed and stained for p65 using a specific Cy3-coupled antibody, the viral N protein
was stained using a specific Alexa 488-coupled antibody, and the nuclei were DAPI stained (not shown). Images
were generated using a Zeiss cLSM780 confocal laser scanning microscope. Representative syncytia are shown in
a closeup. (B) A total of 1.6 � 104 cells from three individual experiments were analyzed for p65 translocation in
infected cells at 15 and 20 h p.i. The graph depicts means � SD. ****, P � 0.0001; results were calculated by
unpaired t tests with a two-tailed P value.
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reduced NF-�B activation by 60% in cells overexpressing MyD88. In contrast, NF-�B
activation due to overexpression of TRAF2, TRAF6, TAK1, and IKK� was not affected by
the presence of SH. Our findings indicate that the SH protein impacts NF-�B signaling
downstream of or at the level of MyD88 and upstream of TRAF2, TRAF6, TAK1, and IKK�

in the respective pathways (see Fig. 7). We therefore hypothesize that SH interacts with
proteins of the receptor complex of TNFR1, IL-1R1, and TLR3.

The SH protein interacts with the TNFR1, IL-1R1, and TLR3 receptor complexes.
To verify the interaction of SH with these receptor complexes, coimmunoprecipitation
assays were performed. 293G or A549 cells were transfected with a plasmid encoding
FLAG-tagged SH or an empty vector as a control. Proteins were precipitated by the use
of FLAG-specific antibodies and analyzed by Western blotting. The SH protein was only
detected in lysates and precipitates of cells transfected with pCMV-N-flag-SH (Fig. 6A).
Endogenous expression of TNFR1, RIP1, IRAK1, MyD88, and IKK� was similar in the cell
lysates of all samples, independent of SH expression. Most importantly, TNFR1, RIP1,
and IRAK1 coimmunoprecipitated with the SH protein, while IKK� and MyD88 did not
(Fig. 6A). To verify the interaction of SH with the receptor complexes in the context of
an MuV infection, A549 or 293G cells were infected with rMuV-SH and rMuV-SHstop and
their lysates were subjected to coimmunoprecipitation and Western blot analysis. The
SH protein was detected in the precipitates of rMuV-SH-infected cells but not in all cell
lysates, presumably due to the low expression levels of SH in infected cells. Endogenous
TNFR1, RIP1, IRAK1, and MyD88 were detected at similar levels in all cell lysates. TNFR1,

FIG 5 Effect of SH on NF-�B activation after stimulation with TNF-�, IL-1�, and poly(I·C). 293G (A) and A549 (B) cells were
transfected with p(PRDII)5tkΔ(�39)lucter, pCMV-�Gal, and pCMV-N-HA-SH or pCMV-HA as a control. At 24 h p.t., cells were
stimulated for 4 h with 100 ng/ml TNF-�, 20 �g/ml poly(I·C), 10 ng/ml IL-1�, 5 �g/ml Pam3CSK4, or 1 �g/ml LPS. Afterwards,
cells were lysed and analyzed for luciferase and �-galactosidase activity. Graphs depict means � SD for two (A) or three (B)
individual experiments. *, P � 0.05; ***, P � 0.001; ****, P � 0.0001; results were calculated by unpaired t tests with a two-tailed
P value. (C) A549 cells were transfected with luciferase and �-galactosidase reporter plasmids. At 24 h p.t., cells were infected
with rMuV-SH or rMuV-SHstop at an MOI of 0.5. At 16 h p.i., cells were stimulated for 4 h with 100 ng/ml TNF-� or 10 ng/ml
IL-1�. Afterwards, cells were lysed and analyzed for luciferase and �-galactosidase activity. The values for rMuV-SH-infected
cells were normalized to those for rMuV-SHstop-infected cells. Graphs depict means � SD from at least three individual
experiments. (D) 293G cells were transfected with luciferase and �-galactosidase reporter plasmids and a plasmid for SH
protein expression or the empty vector. In addition, cells were transfected with pUNO.MyD88, pFLAG-CMV2-TRAF2,
pME18SFLAG-TRAF6, pCMV-TAK1, or pcDNA3-IKK�. At 28 h p.t., cells were lysed and analyzed for luciferase and
�-galactosidase activity. The values for pCMV-N-HA-SH-transfected cells were normalized to those for pCMV-HA-transfected
cells. Graph depicts means � SD from three individual experiments. **, P � 0.01; results were calculated by unpaired t tests
with a two-tailed P value.
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RIP1, and IRAK1 coimmunoprecipitated with SH, whereas MyD88 did not (Fig. 6B).
These findings support the assumption that the SH protein interacts with the receptor
complexes of TNFR1, IL-1R1, and TLR3.

DISCUSSION

Small RNA viruses encode proteins interfering with innate immunity to promote
their successful replication and dissemination (30). Here, we show that MuV SH impedes
NF-�B activation in infected cells by decreasing the phosphorylation of IKK�, I�B�, and
p65 and the translocation of p65 into the nucleus. SH-mediated inhibition was ob-
served not only after activation of NF-�B by TNF-� but also after stimulation of cells
with IL-1� and poly(I·C). Because we found SH coimmunoprecipitated with TNFR1, RIP1,
and IRAK1, we conclude that the SH protein reduces NF-�B activation by interacting
with TNFR1, IL-1R1, and TLR3 complexes in the membranes of infected cells.

FIG 6 Coimmunoprecipitation of SH with proteins of the TNFR1, IL-1R, and TLR3 receptor complexes. (A) 293G cells
or A549 cells (for MyD88) were transfected with a plasmid for expression of an N-terminally flagged SH protein
(pCMV-N-flag-SH) or the empty vector (pCMV-HA) as a control. At 20 h p.t., the cells were lysed and incubated
overnight with agarose beads covalently attached to an anti-FLAG antibody. Subsequently, bound proteins were
eluted and separated by SDS-PAGE and analyzed via Western blotting using an anti-FLAG antibody and specific
monoclonal antibodies against TNFR1, RIP1, IKK�, MyD88, and IKAK1. GAPDH served as a control. The data shown
are representative of three independent experiments. IP, immunoprecipitation. (B) A549 or 293G cells (for RIP1)
were infected with rMuV-SH or rMuV-SHstop at an MOI of 5 or 10, respectively. At 20 h p.i., cells were lysed and
analyzed as described for panel A. The data shown are representative of three independent experiments.
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Efficient paramyxovirus replication is dependent on a well-balanced gradient of viral
mRNAs, provided by the order and the number of viral genes on the single-stranded
RNA genome (31), as well as on a hexameric genome length (rule of six) for promoter
recognition and viral editing (32). In order to generate rMuV deficient in SH with the
least possible effect on virus replication, we introduced three stop codons into the SH
gene (similar to Malik et al. [33]). To allow the detection of SH in infected cells, we
additionally fused a FLAG epitope coding sequence to the SH gene while complying
with the rule of six. Earlier studies usually investigated the function of paramyxoviral SH
proteins using viruses lacking the complete SH gene. Cytopathic effect (CPE) and
apoptosis induction was enhanced in cells infected with those viruses, which was
mainly attributed to an increase of NF-�B-dependent secretion of TNF-� (19, 21, 22,
34–36). Similarly, we found NF-�B activation to be enhanced in cells infected with rMuV
deficient in SH, confirming that the observed effect was due to the interference of MuV
SH with NF-�B activation and not a consequence of the disruption of the genomic
structure.

Manipulation of the NF-�B pathway is a common principle used by a plethora of
viruses to impede the host’s innate immune system. The intervention can occur at
various levels, ranging from the interaction with cellular receptors to the modulation of
downstream enzyme activities. We were able to show that MuV SH leads to a reduction
of the phosphorylation of I�B� (Ser32), IKK� (Ser177/181), and p65 (Ser536) as well as
of the translocation of p65 when SH is present in infected cells, corroborating the
results observed in studies using viruses with deleted SH genes (19, 21, 22, 34, 35, 37).
Most importantly, we found that SH not only inhibits NF-�B activation mediated by
TNF-� but also interferes with NF-�B activation induced by IL-1� and poly(I·C). These
findings show that SH interferes with the signaling of TNFR1 as well as IL-1R and TLR3,
thereby extending the knowledge of the pathways that SH influences. SH reduced
NF-�B activation via these receptors to approximately the same extent (60%) (Fig. 5A,
B, and C), leading to the hypothesis that the mechanism of SH-mediated NF-�B
repression is similar. In fact, we found SH to coimmunoprecipitate with TNFR1, RIP1,
and IRAK1. RIP1 functions as a key regulatory element in TNFR1- and TLR3-mediated
activation of NF-�B and is recruited to the activated receptors (38); IRAK1 is described
as an adaptor molecule of activated IL-1R (39). Whether SH interacts with TNFR1, RIP1,
or IRAK1 directly or whether the interaction is mediated by SH binding to other proteins
of the receptor complexes has not yet been determined. We hypothesize that SH
interacts with the receptor complexes of TNFR1, IL-1R1, and TLR3 in the plasma
membrane, thereby inhibiting downstream signaling and NF-�B activation (Fig. 7). This
assumption is supported by detection of the SH protein in the plasma membrane of
infected cells (flow cytometry) (Fig. 2F) and the specification of the pathway level at
which SH impedes NF-�B activation (luciferase reporter assay) (Fig. 5D).

Two cell lines were employed which differed in their response to the various stimuli,
possibly as a result of cell- or strain-specific defects in signaling pathways and/or
receptor expression. A549 cells have already been reported not to respond to poly(I·C)
when it was added to the culture medium without other supplementation (40); 293G
cells have been shown to need IL-1R, TLR2, or TLR4 supplementation in order to
respond efficiently to IL-1�, bacterial lipoproteins, or LPS (41–43). Older studies de-
scribed 293G cells to be deficient in TLR3 expression, while more recent publications
showed that they express TLR3 mRNA and that they are positive for intracellular TLR3
staining (44–46). Similarly, we proved the cells to be positive for TLR3 (Western blotting;
data not shown) and were able to induce NF-�B activation by adding poly(I·C) to the
medium.

Although paramyxoviral SH proteins exert similar functions, they exhibit no se-
quence homology except for their transmembrane region. They differ in size (from 183
amino acids in human metapneumovirus to 44 amino acids in parainfluenza virus type
5) and in membrane orientation (16, 20, 35, 47–50). Flow cytometry analysis revealed
the N terminus of MuV SH to be directed toward the extracellular space and the C
terminus toward the intracellular space in infected cells, classifying MuV SH as a type

Franz et al. Journal of Virology

September 2017 Volume 91 Issue 18 e01037-17 jvi.asm.org 10

http://jvi.asm.org


I membrane protein and confirming previous findings by Takeuchi et al. (16). The 8
amino acids at the N terminus of MuV SH are highly conserved among different MuV
strains. In contrast, the 26-amino-acid C terminus is highly variable (51, 52). Neverthe-
less, it contains several polar and charged amino acids, including one conserved
threonine and serine residue. The contribution of those amino acids to SH-mediated
NF-�B inhibition in correlation with strain variation will be the subject of future studies.

Interference with NF-�B activation often results in the reduction of apoptosis and a
reduced expression of proinflammatory cytokines such as TNF-� or IL-1�, providing
more time for virus replication (21, 36, 53). We did not observe MuV SH to have a severe
impact on virus replication in cell culture, which is in line with previous findings by
Malik et al. (33). In a neurotoxicity test involving intracerebral injection of MuV into the
brain of newborn rats (54), rMuV lacking the entire SH gene was shown to be
attenuated, while rMuV deficient in SH due to additional stop codons was not (33).
However, effects on NF-�B signaling might become evident only in a more physiolog-
ical setting, i.e., during MuV infection via the respiratory tract.

In conclusion, we report that MuV SH protein interferes with NF-�B activation by
interacting with the complexes of TNFR1, IL-1R1, and TLR3 in the plasma membrane of
infected cells, thereby possibly serving as a virulence factor for MuV replication in vivo.

MATERIALS AND METHODS
Cell culture. 293G (kindly provided by C. Uhlenhaut, Berlin, Germany), Vero76, and A549 cells (both

from ATCC) were maintained in Dulbecco’s modified Eagle’s medium (DMEM; Gibco) supplemented with
5% fetal bovine serum (FBS; PAN Laboratories GmbH), 2 mM L-glutamine (Lonza), 100 U/ml penicillin
(Gibco), and 100 �g/ml streptomycin (Gibco). BSR-T7 cells (kindly provided by K. K. Conzelmann, Munich,
Germany) were cultured in Eagle’s minimum essential medium (EMEM; Gibco) supplemented with 5%
FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 �g/ml streptomycin. Geneticin (G-418; PAA
Laboratories GmbH) was added to every second passage at a concentration of 1 mg/ml. All cell lines were
cultured in a humidified atmosphere at 37°C and 5% CO2.

Plasmid construction and rescue of recombinant mumps viruses. To generate recombinant
viruses with a FLAG epitope fused to the SH gene and recombinant viruses deficient in SH protein
translation, the plasmid pG-MuV-FL (kindly provided by S. A. Udem, New York, USA) was used, which
carries the MuV genome of the major component of the vaccine strain Jeryl Lynn (JL5). A fragment
consisting of part of the F gene, the SH gene, and part of the intergenic region between the SH and HN
genes was amplified via PCR (primers GCAACCTCCCTAGGATTATACCT and CGGAACACAGTTGTGATAG

FIG 7 Model of MuV SH interference with NF-�B activation. SH expression leads to a reduction of
MuV-induced IKK�, I�B�, and p65 phosphorylation and p65 translocation into the nucleus, resulting in
decreased activation of NF-�B-controlled genes. Luciferase reporter gene assays revealed that SH (red)
impacts NF-�B activation downstream of or at the level of MyD88 (blue) and upstream of TRAF2, TRAF6,
TAK1, and IKK� (orange) in the respective pathways. As SH was shown to interact with TNFR1, RIP1, and
IRAK1 (green), we assume that SH inhibits NF-�B activation by interacting with the receptor complexes
of TNFR1, IL-1R1, and TLR3 in the plasma membranes of infected cells.
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CAG) and cloned into the vector pCR2.1-TOPO (Invitrogen). To enable the reinsertion of the modified
fragment into pG-MuV-FL, the AvrII restriction site in the intergenic region between the F and SH genes
was modified by site-directed mutagenesis. For further modification, the SH fragment was inserted into
the shuttle vector pUC19 (Clontech) using EcoRI. Three translational stop codons were introduced into
the SH gene at positions 13 (CAA mutated to TAA), 75 (TAT mutated to TAA), and 115 (CGA mutated to
TGA) using site-directed mutagenesis. In addition, a FLAG epitope coding sequence was fused to either
the 5= terminus or the 3= terminus of SH. The modified SH fragments were reinserted into pG-MuV-FL
using AvrII. Infectious viruses from the mutated MuV genomes were generated by cotransfecting the
modified pG-MuV-FL plasmids (5 �g) with pMuV-L (200 ng), pMuV-N (300 ng), and pMuV-P (50 ng) (all
kindly provided by S. A. Udem, New York, USA) into BSR-T7 cells, which were seeded in 60-mm dishes,
using 2 �l polyethylenimine (PEI) (Sigma-Aldrich). The virus-containing supernatants were harvested
when 80 to 90% of cells showed cytopathic effects (CPE). The identity of the rescued viruses, rMuV-SH-
N-flag (henceforth referred to as rMuV-SH), rMuV-SH-3stop-N-flag (rMuV-SHstop), rMuV-SH-C-flag (rMuV-
SH-C), and rMuV-SH-3stop-C-flag (rMuV-SHstop-C), was confirmed by reverse transcription-PCR followed
by dideoxy sequencing.

Virus propagation. Vero76 cells were infected with rMuV at a multiplicity of infection (MOI) of 0.003
and incubated in DMEM containing 2% FBS. Supernatants were harvested when 90 to 100% of cells
showed CPE. Cell debris was pelleted by centrifugation at 2,000 � g for 10 min. rMuV was enriched in
the supernatant using Vivaspin 20 columns (Sartorius) and centrifugation at 3,000 � g.

Virus growth analysis. To analyze virus growth, 1.6 � 105 Vero76 cells were infected at an MOI of
0.01. After virus adsorption for 1 h, the cells were washed three times with phosphate-buffered saline
(PBS) to remove unbound viruses and further incubated in DMEM containing 2% FBS. Every 24 h,
supernatants were collected and cell debris was removed by low-speed centrifugation. Virus titers were
determined by immunocolorimetric plaque assay, which involved incubating Vero76 cells with virus
dilutions for 1 h and then overlaying the cells with DMEM, 0.5% carboxymethyl cellulose (CMC;
Sigma-Aldrich), 6% 10� minimum essential medium (MEM), 0.165% sodium bicarbonate, 100 U/ml
penicillin, and 100 �g/ml streptomycin. At 6 days postinfection, the cells were fixed with 2% paraform-
aldehyde (PFA; Thermo Fisher Scientific), permeabilized with 100% methanol (Roth) at �20°C, and
blocked in PBS containing 0.1% Tween 20 (Roth), 0.6% bovine serum albumin (BSA; GE Healthcare), and
1% FBS. Plaques were visualized on the monolayer by staining with mouse monoclonal anti-mumps
fusion protein antibody (Mab846; Merck Millipore), goat-anti-mouse IgG conjugated with horseradish
peroxidase (HRP; Merck Millipore), and 3,3=,5,5=-tetramethylbenzidine substrate (TMB; Mikrogen Diag-
nostik).

Immunoblot analysis. Vero76 or A549 cells (6 � 105) were infected with the different rMuVs at an
MOI of 0.01 or 5, respectively. Virus suspension was removed after 1 h and cells were washed two times
with PBS and cultured in DMEM containing 5% FBS. Cells were lysed with radioimmunoprecipitation
assay (RIPA) buffer (Sigma-Aldrich) containing protease inhibitor cocktail (P8340; Sigma-Aldrich) 1 h, 15
h, 20 h, or 72 h postinfection and incubated with 0.125 U/�l Benzonase nuclease (Merck Millipore) for 5
min at room temperature (RT). The protein concentration was determined using the Pierce bicinchoninic
acid (BCA) protein assay kit (Thermo Fisher) according to the manufacturer’s recommendations. Fifty to
60 �g of protein was subjected to SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF)
membrane. Membranes were blocked with PBS containing 0.1% Tween 20 and 5% nonfat milk powder
for 1 h at RT and incubated with primary antibodies according to the manufacturer’s recommendations.
The following primary antibodies were used: rabbit polyclonal anti-phospho-IKK�/� (Ser176/180) (no.
2697), rabbit polyclonal anti-IKK� (no. 2684), rabbit monoclonal anti-phospho-NF-�B p65 (Ser536) (no.
3033), rabbit monoclonal anti-NF-�B p65 (no. 8242), rabbit polyclonal anti-phospho-I�B� (Ser32)
(no. 2859), mouse monoclonal anti-I�B� (no. 4814), rabbit monoclonal anti-�-actin (no. 4970), rabbit
monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (no. 5174), rabbit monoclonal
anti-TNFR1 (no. 3736), rabbit monoclonal anti-RIP1 (no. 3493), rabbit monoclonal anti-IRAK1 (no. 4504),
rabbit monoclonal anti-MyD88 (no. 4283) (all Cell Signaling Technology), mouse monoclonal anti-mumps
NP (sc-57919; Santa Cruz Biotechnology), and mouse monoclonal anti-FLAG M2 (no. F1804; Sigma-
Aldrich) to detect the SH protein. Primary antibodies were detected with anti-rabbit or anti-mouse IgG
conjugated with HRP (no. 7074 and 7076, respectively; Cell Signaling Technology) and applied according
to the manufacturer’s recommendations. Antibody binding was visualized using Lumi-Light Plus Western
blotting substrate (Sigma-Aldrich) and detected by an Intas Advanced Imager.

Flow cytometry. A total of 6 � 105 Vero76 or A549 cells were infected with the different rMuVs at
an MOI of 5. After incubation for 1 h, the cells were washed two times with PBS and cultured in DMEM
containing 5% FBS. At various time points, cells were detached with trypsin 0.05%–EDTA 0.02% (PAN
Laboratories GmbH), fixed with 2% PFA in PBS for 20 min at RT, and permeabilized with 0.5% saponin
(Sigma-Aldrich) in PBS containing 2.5% FBS and 0.05% sodium azide (Merck Millipore). Cells were stained
with rat monoclonal anti-FLAG antibody coupled to allophycocyanin (APC; no. 637307; BioLegend) or
with mouse monoclonal anti-mumps NP (sc-57922; Santa Cruz Biotechnology) diluted in PBS containing
0.5% saponin, 2.5% FBS, and 0.05% sodium azide for 20 min on ice. For detection of mumps NP protein,
cells were additionally stained with goat Fab anti-mouse IgG (H�L)-Alexa Fluor 488 (no. 115-547-003;
Dianova) for 15 min on ice. Data were generated using a FACSCalibur flow cytometer (BD Biosciences)
and Cell Quest Pro software (BD Biosciences). Statistical analyses were performed using GraphPad Prism
5 (GraphPad Software, Inc.). For calculations of significance, an unpaired t test with a two-tailed P value
was used.

Immunofluorescence assay. Vero76 and A549 cells grown on coverslips in 24-well tissue culture
plates were infected for 1 h with the different rMuVs at an MOI of 0.01 (Vero76) or 5 (A549). The cells were
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washed two times with PBS before cultivating them in DMEM containing 5% FBS. At 15 h, 20 h, or 48 h
postinfection, the cells were fixed with 4% PFA in PBS for 20 min at RT, permeabilized with 0.1% Triton
X-100 (Merck Millipore) in PBS for 10 min at RT, and blocked with 1% BSA in PBS containing 0.05% Tween
20 for 1 h at RT. To couple the primary antibodies to Fab fragments fused with fluorescence dyes, mouse
monoclonal anti-mumps fusion protein (Mab846; Merck Millipore), mouse monoclonal anti-mumps NP
(sc-57919; Santa Cruz Biotechnology), and rabbit monoclonal anti-NF-�B p65 (no. 8242; Cell Signaling
Technology) were incubated for 20 min with goat Fab anti-mouse IgG (H�L)-Cy3 (no. 115-167-003), goat
Fab anti-mouse IgG (H�L)-Alexa Fluor 488 (no. 115-547-003), and goat Fab anti-rabbit IgG (H�L)-Cy3 (no.
111-167-003) (all Dianova), respectively. The coupled antibodies were incubated for 20 min with
unspecific IgG against mouse or rabbit (Dianova) before the antibodies were mixed, diluted in blocking
buffer, and incubated with the cells for 1 h at RT. Following staining with 4=,6-diamidino-2-phenylindole
(DAPI) (Roth) for 10 min at RT, the cells were mounted using Mowiol (Merck Millipore). Images were
obtained using a Zeiss cLSM780 confocal laser scanning microscope and Zen 2012 software. To quantify
the p65 translocation into the nucleus, three to four images per virus and time point of three
individual experiments, each image containing 200 to 500 cells, were analyzed. Each cell was
assessed with respect to MuV N expression and p65 being distributed in the cytoplasm or in the
nucleus. The percentage of MuV N-positive cells with p65 translocated to the nucleus in relation to
the total number of N-positive cells was calculated for each time point and both rMuVs. Statistical
analyses were performed using GraphPad Prism 5. For calculations of significance, an unpaired t test
with a two-tailed P value was used.

Luciferase reporter assay. A total of 3 � 105 293G or A549 cells were transfected with the luciferase
reporter plasmid p(PRDII)5tkΔ(�39)lucter, which contains the luciferase gene under the control of
NF-�B-binding elements of the beta interferon promoter (55) (293G cells, 240 ng; A549 cells, 480 ng) and
the �-galactosidase reporter plasmid pCMV-�Gal (293G cells, 35 ng; A549 cells, 70 ng) (both plasmids
kindly provided by S. Goodbourn, London, United Kingdom). The cells were additionally transfected with
pCMV-N-HA-SH (56) for SH protein expression or the empty vector pCMV-HA (Clontech) alone or in
combination with pUNO.MyD88 (Invivogen), pFLAG-CMV2-TRAF2, pME18SFLAG-TRAF6 (57) (kindly pro-
vided by W. Brune, Hamburg, Germany), pCMV-TAK1 (kindly provided by K. Matsumoto, Nagoya,
Japan), or pcDNA3-IKK� (kindly provided by S. Goodbourn, London, United Kingdom) (293G cells,
725 ng; A549 cells, 1,450 ng) using X-tremeGENE HP DNA transfection reagent (Roche) according to
the manufacturer’s recommendations. In a different approach, 3 � 105 A549 cells were transfected
with p(PRDII)5tkΔ(�39)lucter (480 ng), pCMV-�Gal (70 ng), and pCMV-HA (1,450 ng). Cells were addi-
tionally infected 24 h posttransfection (p.t.) with rMuVs at an MOI of 0.5 for 1 h, washed two times with
PBS, and incubated in DMEM containing 5% FBS. Cells were stimulated using 100 ng/ml TNF-�
(PromoKine), 10 ng/ml IL-1� (InvivoGen), 5 �g/ml Pam3CSK4 (InvivoGen), 1 �g/ml LPS-EK ultrapure
Escherichia coli strain K-12 (InvivoGen), or 20 �g/ml poly(I·C) (InvivoGen) or were left untreated. Cell lysis
was carried out using reporter lysis buffer (Promega), and luciferase and �-galactosidase activities were
analyzed using the ONE-Glo luciferase assay system and �-galactosidase enzyme assay system with
reporter lysis buffer according to the manufacturer’s recommendations (both from Promega). Data
were compiled with a FLUOstar Omega photometer (BMG Labtech) using MARS data analysis
software (BMG Labtech). Expression of �-galactosidase was used as an internal control of transfec-
tion. Fold induction was calculated in relation to unstimulated cells. Statistical analyses were
performed using GraphPad Prism 5. For calculations of significance, an unpaired t test with a
two-tailed P value was used.

Coimmunoprecipitation assay. A total of 6 � 105 293G or A549 cells were transfected with
pCMV-N-flag-SH or pCMV-HA using X-tremeGENE HP DNA transfection reagent (Roche) according to the
manufacturer’s recommendations. In a different approach, 6 � 105 A549 or 293G cells were infected with
rMuV-SH or rMuV-SHstop at an MOI of 5 or 10, respectively, for 1 h, washed two times with PBS, and
incubated in DMEM containing 5% FBS. Twenty hours after transfection or infection, the coimmunopre-
cipitation assay was performed using anti-FLAG M2 affinity gel (Sigma-Aldrich) according to the manu-
facturer’s recommendations. Briefly, the cells were lysed on ice and cell debris was removed by
centrifugation. Lysis buffer contained 50 mM Tris (Roth), pH 7.4 (HCl), 150 mM NaCl (Merck Millipore), 1
mM EDTA (Roth), 1% Triton X-100, and protease inhibitor cocktail. A fraction of the lysates, 3.3%, was
stored separately for analysis of total protein expression. The remaining fraction of the lysates was
incubated for 3 to 6 h with nProtein A Sepharose 4 Fast Flow (GE Healthcare) prior to addition to the
resin. The resin was washed with Tris-buffered saline (TBS) and incubated for 3 to 6 h with 1% BSA (GE
Healthcare), washed again, and added to the lysates. After overnight incubation, the resin was washed
with lysis buffer and the proteins were eluted with 2� RotiLoad 1 (Roth). SDS-PAGE and Western blot
analysis were performed as described for immunoblot analysis.
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