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Cooperation of the Ebola Virus Proteins
VP40 and GP, , with BST2 To Activate
NF-kB Independently of Virus-Like
Particle Trapping

Maryan G. Rizk,2 Christopher F. Basler,® John Guatellia<

University of California San Diego, La Jolla, California, USA?; Center for Microbial Pathogenesis, Institute for
Biomedical Sciences, Georgia State University, Atlanta, Georgia, USAP; Veterans Affairs San Diego Healthcare
System, San Diego, California, USA<

ABSTRACT BST2 is a host protein with dual functions in response to viral infec-
tions: it traps newly assembled enveloped virions at the plasma membrane in in-
fected cells, and it induces NF-«B activity, especially in the context of retroviral as-
sembly. In this study, we examined whether Ebola virus proteins affect BST2-mediated
induction of NF-kB. We found that the Ebola virus matrix protein, VP40, and enve-
lope glycoprotein, GP, each cooperate with BST2 to induce NF-«B activity, with max-
imal activity when all three proteins are expressed. Unlike human immunodeficiency
virus type 1 Vpu protein, which antagonizes both virion entrapment and the activa-
tion of NF-kB by BST2, Ebola virus GP does not inhibit NF-«B signaling even while it
antagonizes the entrapment of virus-like particles. GP from Reston ebolavirus, a non-
pathogenic species in humans, showed a phenotype similar to that of GP from Zaire
ebolavirus, a highly pathogenic species, in terms of both the activation of NF-«B and
the antagonism of virion entrapment. Although Ebola virus VP40 and GP both acti-
vate NF-kB independently of BST2, VP40 is the more potent activator. Activation of
NF-«kB by the Ebola virus proteins either alone or together with BST2 requires the
canonical NF-«B signaling pathway. Mechanistically, the maximal NF-«B activation by
GP, VP40, and BST2 together requires the ectodomain cysteines needed for BST2
dimerization, the putative BST2 tetramerization residue L70, and Y6 of a potential
hemi-ITAM motif in BST2's cytoplasmic domain. BST2 with a glycosylphosphatidyli-
nositol (GPI) anchor signal deletion, which is not expressed at the plasma membrane
and is unable to entrap virions, activated NF-«B in concert with the Ebola virus pro-
teins at least as effectively as wild-type BST2. Signaling by the GPI anchor mutant
also depended on Y6 of BST2. Overall, our data show that activation of NF-«B by
BST2 is independent of virion entrapment in the case of Ebola virus. Nonetheless,
BST2 may induce or amplify proinflammatory signaling during Ebola virus infection,
potentially contributing to the dysregulated cytokine response that is a hallmark of
Ebola virus disease.

IMPORTANCE Understanding how the host responds to viral infections informs the
development of therapeutics and vaccines. We asked how proinflammatory signaling
by the host protein BST2/tetherin, which is mediated by the transcription factor NF-
kB, responds to Ebola virus proteins. Although the Ebola virus envelope glycoprotein
(GP, ,) antagonizes the trapping of newly formed virions at the plasma membrane
by BST2, we found that it does not inhibit BST2's ability to induce NF-kB activity.
This distinguishes GP, , from the HIV-1 protein Vpu, the prototype BST2 antagonist,
which inhibits both virion entrapment and the induction of NF-«B activity. Ebola vi-
rus GP, ,, the Ebola virus matrix protein VP40, and BST2 are at least additive with re-
spect to the induction of NF-«kB activity. The effects of these proteins converge on
an intracellular signaling pathway that depends on a protein modification termed
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neddylation. Better mechanistic understanding of these phenomena could provide
targets for therapies that modulate the inflammatory response during Ebola virus
disease.

KEYWORDS BST2, Ebola virus, NF-«kB, VP40

ST2 (bone marrow stromal cell antigen 2), also known as tetherin, is an interferon-

inducible antiviral protein (1-3). Two functions of BST2 have been associated with
viral infections: BST2 traps newly assembled enveloped virions at the plasma mem-
brane (PM) in infected cells, and it induces the activation of the proinflammatory
transcription factor NF-«B (2-5). The exact mechanism by which BST2 initiates NF-xB
activity in response to viral infections is unknown. One model suggests that upon
trapping of virions at the plasma membrane, aggregation of BST2 initiates a kinase
cascade culminating in the activation of NF-kB and the release of proinflammatory
cytokines (4). This model is based on signaling studies that used retroviruses, namely,
murine leukemia virus (MLV) and human immunodeficiency virus type 1 (HIV-1), lacking
the accessory protein Vpu, which enhances virion release by antagonizing BST2 (4).
Another model suggests that BST2-mediated activation of NF-«B is independent of
virion entrapment; this model is based on the identification of a BST2 mutant that is
unable to entrap virions but retains signaling activity, as discussed below (5). Since
BST2's restrictive function is not unique to retroviruses, studies using other families of
enveloped viruses have the potential to extend or challenge the above-mentioned
models of the BST2 signaling mechanism and characterize how BST2 responds to the
expression of viral genes.

BST2 is a dimeric type Il transmembrane (TM) protein that physically tethers nascent
virions of enveloped viruses to the plasma membrane in infected cells (6). BST2
contains an N-terminal cytoplasmic tail, a transmembrane domain, a rigid coiled-coil
ectodomain, and a glycosylphosphatidylinositol (GPI) anchor at its C terminus (7). This
unusual, if not unique, structure enables BST2 to trap newly formed virions on the cell
surface by physically cross-linking the lipid bilayers of the plasma membrane and the
enveloped virion (8). BST2 requires a tyrosine residue (Y6) within its cytoplasmic tail to
activate NF-kB, but not to entrap virions (4, 5, 9). The GPI anchor of BST2 is required for
virion entrapment, while it is dispensable for NF-«B activation in some studies but
required in others (4, 5, 9). These findings suggest that virion entrapment, while
apparently contributory to BST2-mediated activation of NF-«B by retroviruses, might be
generally unnecessary for BST2 to induce NF-«B activity. Consensus in the field exists
regarding the notion that BST2 signals through a transforming growth factor B (TGF-
B)-activated kinase 1 (TAK1)-dependent cascade leading to the activation of the
canonical NF-«B pathway (4, 5). This pathway requires the degradation of IkB by a
cullin-1-based ubiquitin ligase complex, which requires modification of cullin-1 with the
ubiquitin-like molecule nedd8 (5, 10, 11).

Various viral proteins have evolved to counteract the BST2 function of virion
entrapment (12-15). As mentioned above, HIV-1 Vpu is the prototype antagonist of
BST2 (2, 3); Vpu mistraffics BST2 away from the plasma membrane, removes it from
virion assembly sites, and targets it for degradation (13, 16-21). On the other hand, the
Ebola virus envelope glycoprotein (GP, ,) antagonizes BST2 to enhance virion release
through an unclear mechanism that requires neither the removal of BST2 from the cell
surface nor its degradation but might instead involve dissociation of BST2 from the
Ebola virus matrix protein, VP40; this activity requires proper N-linked glycosylation of
the GP1 subunit and the interaction of BST2 with the GP2 subunit (12, 22-28).

In this study, we used Ebola virus GP, , as a tool to determine whether, within the
context of a filovirus, the antagonism of virion entrapment impairs the ability of BST2
to induce NF-«B activity. To do this, we used an Ebola virus-like particle (VLP) model
using the matrix protein, VP40. VP40 expression is sufficient to produce particles that
resemble actual virions of Ebola virus and incorporate GP, , (29). GP, , is a glycoprotein
that forms trimeric surface spikes on the Ebola virions and VLPs (29, 30). GP, , is a
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heterodimer that consists of GP1 and GP2, which are linked by disulfide bonds; GP2
contains the transmembrane domain of GP, , (31). We found that, unlike Vpu, GP, , did
not inhibit NF-«B signaling despite antagonizing BST2-mediated VLP entrapment.
Rather, GP,, cooperated with BST2 and VP40 to produce maximal NF-«B activity
compared to BST2 signaling in response to VP40 expression alone. To further support
the independence of virion entrapment and NF-«B activation by BST2, we found that
BST2 lacking its GPl anchor signal (AGPI BST2), which is not expressed at the cell surface
and is defective for virion entrapment (5), was fully functional for NF-«B activation, both
alone and in the context of expression of Ebola virus GP, , and VP40. Thus, our data
indicate that virion entrapment is not required for BST2 to induce NF-«B activity in the
case of Ebola virus and that relief of virion entrapment by Ebola virus GP, , does not
inhibit NF-«B activity. The data nonetheless leave open the possibility that BST2 acts as
an amplifier of the signal generated by the Ebola virus proteins.

RESULTS

Ebola virus GP, , does not inhibit BST2-mediated activation of NF-kB. Since
Ebola virus GP, , is an antagonist of virion entrapment, like HIV-1 Vpu, we hypothesized
that it could decrease BST2 signaling as a result of decreased virion entrapment. To test
this hypothesis, we used Ebola virus VP40 as a model for VLP formation and release and
an NF-«B-responsive luciferase reporter assay. We analyzed three independent exper-
iments, each containing four replicates for the groups compared (Fig. 1 and Tables 1
and 2). In these experiments, we used HEK293T cells engineered to express BST2 stably
and compared them to parental cells. Stable expression of BST2 in HEK293T cells
(designated Hu6) induced a significant, although quantitatively small, increase of NF-«B
activity compared to the background activity in parental HEK293T cells, which express
undetectable levels of BST2 as measured by Western blotting (WB) and flow cytometry
(Fig. TA and B and Tables 1 and 2; see Fig. 7B). We found that GP, , expressed in BST2
stable cells (Hu6) significantly increased NF-kB activity compared to Hu6 cells alone or
to GP, , expressed in parental 293T cells (Tables 1 and 2). In contrast, Vpu expressed in
Hu6 cells significantly decreased NF-«B activity compared to Hu6 cells alone but not
compared to Vpu expression in parental 293T cells. Expression of GP, , significantly
increased the NF-kB activity of Hu6 (BST2-expressing) cells expressing VP40, while Vpu
significantly decreased this activity (Fig. TA and Tables 1 and 2); these data indicate
that, unlike Vpu, Ebola virus GP, , is not an antagonist of signaling. Interestingly, we
found that VP40 and GP,, induced NF-kB activity regardless of BST2 expression,
although a trend of increased NF-«B activity in Hu6 cells compared to parental 293T
cells was apparent (Fig. 1A and Table 2), suggesting dependence on BST2 expression
for the highest signal. The Western blot in Fig. 1B confirmed the expression of the
various proteins in a representative experiment. Notably, the expression of VP40 was
slightly greater in Hu6 than in parental 293T cells (Fig. 1B, compare lane 2 with 8 and
6 with 12).

We next determined whether the trends observed for NF-«B activation by BST2 and
the Ebola virus proteins were recapitulated in cells transiently expressing BST2, because
we wanted to test various mutants of BST2 for mechanistic studies, as shown below. To
do this, we transfected parental HEK293T cells to transiently express BST2 either alone
or with the viral proteins and the reporter plasmids and measured NF-«B activity (Fig.
2A and Table 3). When we analyzed two sets of experiments, each containing four
replicates, we found that transient expression of BST2 induced a significant increase in
NF-kB activity compared to the background empty vector (pcDNA) control. We found
that GP, , coexpressed with BST2 did not decrease NF-«B activity compared to BST2
alone, whereas Vpu did (Tables 3 and 4). Expression of GP, , significantly increased
NF-kB activity in concert with BST2 and VP40, while Vpu significantly decreased this
activity (Tables 3 and 4). Thus, the overall effects of GP, , and Vpu on BST2-mediated
NF-kB signaling were similar in BST2 stable cells and cells transiently expressing BST2.
However, we observed differences in protein expression between the two systems
using Western blotting (Fig. 1B and 2B). Levels of transiently expressed BST2 were
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FIG 1 Ebola virus GP, , and VP40 cooperate with BST2 to induce NF-«B activity in Hu6 cells. (A) Hu6 cells
(HEK293T cells stably engineered to express BST2 WT) or parental 293T cells were transfected with 75 ng
of a plasmid expressing Renilla luciferase (to measure transfection efficiency) and 150 ng of a plasmid
expressing firefly luciferase downstream of NF-kB response sequences (to measure NF-kB activity).
Wherever indicated on the graph, cells were transfected with the following quantities of plasmids: 900
ng VP40, 900 ng GP, ,, and/or 900 ng Vpu. An empty vector, pcDNA3.1, was used to equalize the total
amount of plasmids transfected in each sample. After 24 h, firefly luciferase and Renilla luciferase
activities were measured by luminometry. The ratio of firefly to Renilla luciferase luminescence for each
condition is graphed relative to parental HEK293T cells transfected only with the pcDNA plasmid, which
was set at 1.0; this value represents the fold enhancement of NF-«B activity by the tested proteins. The
boxes represent medians within the 25th to 75th percentile range of data, and the whiskers represent
maximum and minimums. Statistical analyses and values are presented in Tables 1 and 2. (B) Western
blots of total cell lysates from one representative experiment out of three. Ebola virus GP, HIV-1 Vpu, and
BST2 were detected using their respective rabbit antisera. VP40 was detected using mouse anti-FLAG
antibody. Tubulin was used as a loading control and detected using mouse anti-tubulin antibody.

increased due to the expression of the Ebola viral proteins (Fig. 2B, lane 4 versus 6, 10,
and 12); this effect was not observed in the stable Hu6 cells, where the expression of
Ebola virus proteins did not increase BST2 expression (Fig. 1B, lane 7 versus 8, 10, and
12). Finally, we wanted to confirm the ability of GP,, and Vpu to antagonize the
virion-trapping function of BST2. As expected, we found that both GP,, and Vpu
antagonized BST2-mediated entrapment and restored VLP release (Fig. 2B, lanes 7 to 12
for VLPs). Overall, these data indicated that Ebola virus GP, , does not inhibit BST2
signaling despite enhancing virion release; this result does not support our initial
hypothesis and suggests instead a disconnect between virion entrapment and NF-«B
activation.

GP, ,s from the Zaire and Reston ebolavirus species cooperate similarly with
VP40 and BST2 to activate NF-«B. We wanted to determine whether GP, ,s from Zaire
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TABLE 1 Statistical analysis of NF-«B luciferase signaling data presented in Fig. 1A9

Wilcoxon Kruskal-Wallis

Group 1 Group 2 rank sum (control = 1) Dunn’s  Significant
pcDNA® VP40 <0.0001f Yes
Vpu <0.0001f Yes
GP, , 0.0002¢ Yes
Hu6 + pcDNA <0.0001f Yes
VP40 + Vpu VP40 <0.0001f < Yes
Vpu < Yes
VP40 + GP,, VP40 <0.0001f < Yes
GP,, e Yes
Hu6 + VP40 VP40 <0.0001f 9 No
Hu6 + pcDNA e Yes
Hué + Vpu Vpu <0.0001f 9 No
Hu6 da Yes
Hué + GP, , GP,, <0.0001f e Yes
Hu6 + pcDNA < Yes
Hué + VP40 + Vpu Hué + Vpu <0.0001f d Yes
Hu6 + VP40 da Yes
VP40 + Vpu g No
Hué + VP40 + GP,,  Hu6 + GP,, <0.0001f e Yes
Hu6 + VP40 e Yes
VP40 + GP,, 9 No

aThe indicated viral proteins were expressed in parental HEK293T cells except where indicated by “Hu6,”
which indicates the use of HEK293T cells constitutively expressing BST2.

bA plasmid expressing no viral protein used as a negative control.

P = 0.05.

9p < 0.005.

eP =< 0.0005.

P < 0.0001.

9Not significant.

and Reston ebolavirus species differed in their abilities to activate NF-«B in concert with
BST2 or to counteract BST2-mediated VLP entrapment, because Reston ebolavirus is not
pathogenic in humans while Zaire ebolavirus is highly pathogenic. To address this
question, we tested two clones of Zaire ebolavirus GP, , (1976 Zaire ebolavirus GP, , [76
zGP, ,] and 2014 Zaire ebolavirus GP, , [14 zGP, ,]) and Reston ebolavirus GP, , (rGP, )
in an experiment similar in setup to that presented in Fig. 2. The 1976 Zaire ebolavirus

TABLE 2 Normalized NF-«B luciferase values presented in Fig. 1A9

Group Medianc© Mind Maxe 25th percentile 75th percentile
VP40 18.92 10.99 37.27 17.30 3235
Vpu 0.46 0.30 0.72 0.37 0.52
GP,, 142 113 1.98 1.24 1.54
Hu6-pcDNA® 1.81 0.98 2.53 1.46 2.05
VP40 + Vpu 3.88 241 7.14 343 5.19
VP40 + GP,, 119.30 66.22 187.70 101.10 133.50
Hu6 + VP40 36.50 20.27 66.63 25.72 42.13
Hu6 + Vpu 0.6977 0.4908 1.107 0.5449 0.9299
Hué + GP, , 2.68 1.49 4.37 2.25 3.37
Hu6 + VP40 + Vpu 3.80 217 7.16 2.63 5.05
Hué + VP40 + GP,, 191.50 146.70 466.20 168.70 358.40

aThe indicated viral proteins were expressed in parental HEK293T cells except where indicated by “Hu6,”
which indicates the use of HEK293T cells constitutively expressing BST2.

bA plasmid control expressing no viral protein. The value for pcDNA in parental HEK293T cells was arbitrarily
set to 1.0.

<Control = 1.

9Min, minimum value.

eMax, maximum value.
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FIG 2 Ebola virus GP, , and VP40 cooperate with BST2 to induce NF-«B activity in HEK293T cells that
transiently express BST2. (A) Parental 293T cells were transfected with 63 ng Renilla luciferase plasmid
and 125 ng NF-«B firefly luciferase plasmid. Wherever indicated on the graph, the cells were transfected
with the following quantities of plasmids: 85 ng BST2, 300 ng VP40, 900 ng GP, ,, and 900 ng Vpu. An
empty vector, pcDNA3.1, was used to equalize the total amount of plasmids transfected in each sample.
After 24 h, NF-«B luciferase activity was measured by luminometry. The data are presented as in Fig. 1A,
with the pcDNA control set to 1.0. The boxes represent medians within the 25th to 75th percentile range,
and the whiskers represent maximums and minimums from two independent experiments, each
containing four technical replicates. Statistical analyses are presented in Tables 3 and 4. (B) Western blots
of total cell lysates and isolated VLPs from one representative experiment out of two. The antibodies
used for detection of the proteins are the same as those in Fig. 1B.

GP, , was used in the two previous experiments and below. We observed no inhibition
of NF-«B activation as a result of the expression of any of the different GPs; instead,
these proteins increased NF-«B activity. We found that rGP, , produced a significant
increase in NF-kB activity compared to either of the Zaire ebolavirus GPs, whether
expressed alone or in combination with BST2 and VP40 (Fig. 3A and Table 5). All of the
GPs tested antagonized BST2 and enhanced VLP release (Fig. 3B, lane 10 versus 14 to
16). We observed increases in BST2 expression levels due to the coexpression of VP40
with the various GPs, consistent with our findings shown in Fig. 2B, in which BST2 was
also expressed transiently. Overall, GP, , from the two Ebola virus species cooperated
with BST2 and VP40 to induce NF-«B activity, and GPs from both species effectively
antagonized VLP entrapment by BST2.

BST2 and the Ebola virus proteins activate the canonical NF-«kB pathway in a
manner dependent on neddylation. Since we observed cooperation in the activation
of NF-kB by BST2, VP40, and GP, ,, we asked whether all these proteins use the same
intracellular signaling pathway. To answer this question, we inhibited the canonical
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TABLE 3 Normalized NF-«B luciferase values presented in Fig. 2A

Group Median? Min® Max¢ 25th percentile 75th percentile
VP40 10.21 3.00 18.49 4.94 13.36
Vpu 0.6056 0.4146 0.97 0.51 0.81
GP,, 1.97 0.83 4.36 1.09 3.07
BST2 6.10 3.86 16.00 4.73 12.53
VP40 + Vpu 1.1 0.56 2.08 0.92 1.33
VP40 + GP, , 28.67 14.78 53.09 24.03 39.03
BST2 + VP40 14.35 11.50 18.94 13.30 17.01
BST2 + Vpu 0.781 0.5789 1.208 0.6665 1.025
BST2 + GP,, 15.96 5.22 27.16 6.88 20.90
BST2 + VP40 + Vpu 1.1 0.64 1.27 0.93 1.19
BST2 + VP40 + GP,, 53.35 29.96 103.20 37.22 90.83
aControl = 1.

bMin, minimum value.
“Max, maximum value.

NF-«B pathway by expressing a dominant-negative (DN), degradation-resistant IkB and
by pharmacological treatment using the nedd8-activating enzyme (NAE) inhibitor
MLN4924, which prevents activation of the cullin-1-RING E3 ligase complex that
degrades IkB (10, 32, 33). We found that DN and wild-type (WT) I«B overexpression
significantly inhibited the NF-«kB activity that was induced by BST2 and the Ebola virus
proteins, whether they were expressed in combination or alone (Fig. 4A and Table 6).
Wild-type 1kB was intended as a control, but under the conditions tested, it inhibited
the induction of NF-«B activity, presumably by saturating the cullin-1-based degrada-
tive pathway. As expected, the dominant-negative, degradation-resistant |«B inhibited
the induction of NF-«B activity even more effectively. Using Western blotting, we
confirmed the expression of all the transfected proteins and again observed an increase
in BST2 when transiently coexpressed with either GP, ,, VP40, or both (Fig. 4B). We

TABLE 4 Statistical analysis of NF-«B luciferase signaling data presented in Fig. 2A

Wilcoxon Kruskal-Wallis

Group 1 Group 2 rank sum (control = 1) Dunn’s Significant
pcDNA VP40 <0.00014 Yes
Vpu 0.0122¢ Yes
GP, , 0.0051° Yes
BST2 <0.00019 Yes
VP40 + Vpu VP40 <0.00019 b Yes
Vpu € No
VP40 + GP,, VP40 <0.0001¢ b Yes
GP, , < Yes
BST2 + VP40 VP40 0.0020° a Yes
BST2 b Yes
BST2 + Vpu Vpu <0.0001¢ e No
BST2 b Yes
BST2 + GP, , GP,, <0.0001¢ c Yes
BST2 € No
BST2 + VP40 + Vpu BST2 + Vpu <0.0001¢ e No
BST2 + VP40 b Yes
VP40 + Vpu € No
BST2 + VP40 + GP,,  BST2 + GP,, <0.0001¢ c Yes
BST2 + VP40 < Yes
VP40 + GP,, e No
ap = 0.05.
bP = 0.005.
P = 0.0005.
9P < 0.0001.

eNot significant.
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FIG 3 Ebola virus GP, ,s from both Zaire ebolavirus and Reston ebolavirus species cooperate with VP40
and BST2 for maximal NF-«B activity. (A) Parental 293T cells were transfected with the same amounts of
plasmids used in Fig. 2A. After 24 h, NF-«B luciferase activity was measured by luminometry. The boxes
represent medians within the 25th to 75th percentile range of data, and the whiskers represent
maximums and minimumes. Statistics corresponding to the figure are provided in Table 5. (B) Western
blots of total cell lysates and isolated VLPs from one representative experiment out of two. The
antibodies used for detection of the proteins are the same as those in Fig. 1.

found that MLN4924 significantly and substantially inhibited NF-«B activity in a manner
similar to the overexpression of 1kB (Fig. 4C and Table 7). As a control for MLN4924
activity in HEK293T cells, we found that signaling by tumor necrosis factor alpha
(TNF-a), which utilizes the canonical pathway of NF-«B activation, was suppressed by
MLN4924 treatment. Thus, the data suggest a cooperative signaling activity between

TABLE 5 Statistical analyses of differences in NF-«B signaling presented in Fig. 3A

Wilcoxon rank

Group 1 Group 2 sum (control = 1) Significant
76 2GP, , 14 2GP, , 0.7984¢ No
rGP, , 0.0011® Yes
VP40 + 76 zGP, , VP40 + 14 zGP, , 0.9591¢ No
VP40 + rGP, , 0.03794 Yes
BST2 + 76 zGP, , BST2 + 14 zGP, , 0.9591¢ No
BST2 + rGP,, 0.0379¢ Yes
BST2 + VP40 + 76 zGP, , BST2 + VP40 + 14 zGP, , 0.2786¢ No
BST2 + VP40 + rGP, , 0.0011® Yes
ap < 0.05.
bp = 0.005.

“Not significant.
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FIG 4 Ebola virus proteins signal in concert with BST2 using the canonical NF-«B pathway and
neddylation. (A) HEK293T cells were transfected similarly to those in Fig. 2A, with the addition of IkB WT
and DN plasmids as indicated. The box-and-whiskers graph represents two independent experiments.
Statistics corresponding to the figure are shown in Table 6. (B) Western blots of total cell lysates from one
experiment. Proteins were detected using the same antibodies used in Fig. 1B, in addition to mouse
anti-IkB. (C) MLN4924-treated HEK293T cells compared to DMSO-treated control samples transfected
similarly to those in FIG 2A. Recombinant TNF-« (40 ng/ml) diluted in 2% bovine serum albumin and 1X
PBS was added for 2 h prior to harvest to the samples labeled TNF-a and MLN4924 + TNF-a. The
box-and-whiskers graph represents two independent experiments. Statistics for the figure are presented
in Table 7. See Materials and Methods for additional details.

the Ebola virus proteins VP40 and GP, , and BST2 that merges at the canonical NF-«B
activation pathway and requires neddylation.

Determinants of BST2-mediated activation of NF-«xB in the context of Ebola
virus protein expression. We next wanted to determine whether the maximal acti-
vation of NF-kB that we observed when BST2 was coexpressed with VP40 and GP, ,
depended on the motifs and residues previously described as important for BST2
signaling when BST2 was expressed in isolation or in the context of retroviral assembly.
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TABLE 6 Statistical analyses of differences in NF-«B signaling presented in Fig. 4A

Group 1 Group 2 Wilcoxon rank sum? Significant

pcDNA IkB-WT 0.7209¢ No
IkB-DN 0.2786¢ No

VP40 VP40 + IkB-WT 0.00197 Yes
VP40 + IkB-DN 0.0002% Yes

GP, , GP,, + IkB-WT 1.0000¢ No
GP, , + IkB-DN 0.5054¢ No

VP40 + GP,, VP40 + GP,, + IkB-WT 0.0002% Yes
VP40 + GP,, + IkB-DN 0.0002%

BST2 BST2 + IkB-WT 0.0002% Yes
BST2 + IkB-DN 0.0002%

BST2 + VP40 BST2 + VP40 + IkB-WT 0.0002% Yes
BST2 + VP40 + IkB-DN 0.0002%

BST2 + GP,, BST2 + GP,, + IkB-WT 0.0002% Yes
BST2 + GP,, + IkB-DN 0.0002%

BST2 + VP40 + GP,, BST2 + VP40 + GP,, + IkB-WT  0.0002% Yes
BST2 + VP40 + GP,, + IkB-DN 0.0002%

ap = 0.005.

bp = 0.0005.

“Not significant.
9P values in bold are for comparisons in which the pcDNA control was set to 1.

First, we tested the cytoplasmic tyrosine 6 and 8 alanine substitution mutants of BST2,
expressed either alone or in combination with the Ebola virus proteins. As expected, we
observed that BST2-Y6A and BST2-Y6,8A, but not BST2-Y8A, were significantly impaired
for signaling when expressed alone. The same trend was observed when these mutants
were coexpressed with the Ebola virus proteins; BST2-Y6A and -Y6,8A did not cooperate
with the Ebola virus proteins to induce the high level of NF-«B activity observed with
wild-type BST2 (Fig. 5A and Table 8). We confirmed by Western blotting that all the
proteins were expressed (Fig. 5B). These data suggested that the cooperative activation
of NF-kB by BST2 and the Ebola virus proteins occurs by a mechanism the same as or
similar to what has been proposed for BST2 signaling in other settings, that is, via the
cytoplasmic tyrosine 6 residue.

Next, we wanted to extend this apparent mechanistic similarity through the use of
additional examples. To do this, we tested ectodomain mutants of BST2: a putative
tetramerization mutant (L70D), a glycosylation mutant in which the two ectodomain
asparagines that are subject to N-linked glycosylation were mutated to glutamines
(N2Q), a mutant impaired for cysteine-dependent dimerization (C3A), and a mutant

TABLE 7 Statistical analyses of differences in NF-«B signaling presented in Fig. 4C

Group 1 Group 2 Wilcoxon rank sume Significant
pcDNA pcDNA + MLN9 0.0530¢ No
TNF-a TNF-a + MLN 0.0006° Yes
VP40 VP40 + MLN 0.0006% Yes
GP, , GP,, + MLN 0.00127 Yes
VP40 + GP,, VP40 + GP,, + MLN 0.0006° Yes
BST2 BST2 + MLN 0.0006% Yes
BST2 + VP40 BST2 + VP40 + MLN 0.0006° Yes
BST2 + GP,, BST2 + GP,, + MLN 0.0006% Yes
BST2 + VP40 + GP,, BST2 + VP40 + GP,, + MLN 0.0006% Yes
ap < 0.005.

bp = 0.0005.

“Not significant.
9MLN, MLN4924.
eP values in bold are for comparisons in which the pcDNA control was set to 1.
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FIG 5 BST2 signaling in concert with Ebola virus proteins requires the cytoplasmic tyrosine 6 residue. (A)
Parental 293T cells were transfected similarly to those in Fig. 2A. After 24 h, NF-«B luciferase activity was
measured by luminometry. The box-and-whiskers graph represents two independent experiments.
Statistics for the figure are presented in Table 8. (B) Western blots of total cell lysates from one
representative experiment out of two. The antibodies used for detection of the proteins were the same
as in Fig. 1B.

lacking the GPI anchor signal sequence (specifically an in-frame deletion of that
sequence from residues 156 to 162). These mutants were expressed in HEK293T cells
either alone or in combination with the Ebola virus proteins. We tested their abilities to
activate NF-«B, entrap VLPs, and respond to GP,,-mediated counteraction of VLP
entrapment (Fig. 6). Compared to wild-type BST2, we found that the BST2-L70D and
-C3A mutants were statistically significantly impaired in their ability to activate NF-«B,
whether expressed alone or in concert with the Ebola virus proteins (Fig. 6A and Table
9). In contrast, we did not observe a significant difference in NF-«B activation between
BST2-N2Q and wild-type BST2, whether alone or with the Ebola virus proteins. Inter-
estingly, we found a significant increase in NF-kB activation by the BST2-AGPI mutant
compared to wild-type BST2, whether alone or with the Ebola virus proteins (Fig. 6A
and Table 9). This ability of BST2-AGPI to activate NF-kB is consistent with our previous
data regarding the phenotype of the mutant when expressed in the absence of viral
proteins, but it is at odds with another study of a “AGPI” mutant in which a stop codon
occurs before the anchor sequence; that mutant was reportedly defective for signaling
(2, 4, 9). We confirmed the expression of the viral proteins and all the BST2 mutants by
Western blotting, which showed the expected mobility shift of the N2Q mutant (Fig.
6B). We also measured VLP release (Fig. 6B) and found that, as expected, the C3A and
AGPI mutants were defective for VLP entrapment. Also, we found that GP, , antago-
nized the ability of L70D and N2Q to trap virions, since the release of VLPs was restored
in cells expressing those BST2 mutants in response to GP, , expression (Fig. 6B, lanes
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TABLE 8 Statistical analyses of differences in NF-«B signaling presented in Fig. 5A

Group 1 Group 2 Wilcoxon rank sum9  Significant
pcDNA BST2-WT 0.0002° Yes
BST2-Y6A 0.1949¢ No
BST2-Y8A 0.0002° Yes
BST2-Y6,8A 0.5737¢ No
BST2-WT BST2-Y6A 0.0002° Yes
BST2-Y8A 0.8785¢ No
BST2-Y6,8A 0.0002% Yes
BST2-WT + VP40 BST2-Y6A + VP40 0.0002° Yes
BST2-Y8A + VP40 0.1049¢ No
BST2-Y6,8A + VP40 0.0002% Yes
BST2-WT + GP,, BST2-Y6A + GP, , 0.0002¢ Yes
BST2-Y8A + GP, , 0.0207¢ Yes
BST2-Y6,8A + GP, , 0.0002% Yes
BST2-WT + VP40 + GP,,  BST2-Y6A + VP40 + GP,,  0.0002% Yes
BST2-Y8A + VP40 + GP,, 0.2345¢ No
BST2-Y6,8A + VP40 + GP,,  0.0002% Yes
ap = 0.05.
bp = 0.0005.

“Not significant.
9P values in bold are for comparisons in which the pcDNA control was set to 1.

10, 12, 14, and 16 versus 2). Overall, we found that the determinants in BST2 for
maximal signaling combined with the Ebola virus proteins were the same as the
previously reported determinants of BST2 signaling expressed alone or in the context
of retroviral expression, with the possible exception of the above-noted controversy
regarding mutants of the GPI anchor sequence.

Activation of NF-«kB by BST2 in concert with the Ebola virus proteins is
independent of VLP entrapment. Thus far, we had observed a disconnect between
BST2-mediated activation of NF-«B and VLP entrapment: VLP entrapment was antag-
onized by GP, ., but NF-«B activity was enhanced (Fig. 1 and 2). We also found that the
BST2 AGPI mutant, which is defective for VLP entrapment, was more effective than
wild-type BST2 at inducing NF-«B activity (Fig. 6A and B). Here, we asked whether the
AGPI mutant signals using the same mechanism as wild-type BST2 with respect to the
requirement for tyrosine 6 (Fig. 5A). We wanted to ensure that the AGPI mutant was not
signaling through an aberrant mechanism, perhaps associated with its mislocalization
within the cell, since it does not reach the plasma membrane (5) (Fig. 7B). Consistent
with a mechanistic similarity, the Y6A mutation impaired the induction of NF-kB activity
by the AGPI mutant (Fig. 7A and Table 10), just as it impairs the activity of wild-type
BST2. Using Western blotting, we confirmed the expression of all the tested proteins
(Fig. 7C). We also compared the BST2-AGPI/Y6A mutant to wild-type BST2, BST2-AGPI,
and BST2-Y6A for its ability to entrap VLPs. We found that the BST2-AGPI/Y6A mutant
was defective for VLP entrapment, similar to the AGPI single mutant (Fig. 7C, lanes 10
and 18). These data on BST2-AGPI suggest that the entrapment of VLPs was not
required for the induction of maximal NF-«B activity, and they support the hypothesis
that BST2-AGPI does not signal aberrantly, at least with respect to its dependence on
tyrosine 6.

Statistical analysis confirms that BST2 cooperates with Ebola virus VP40 and
GP, , to induce maximal NF-«B activity. The experiments presented thus far con-
tained eight core samples that were used repeatedly as controls during the transient
expression of BST2: BST2 alone, Zaire ebolavirus GP, , alone, Zaire ebolavirus VP40
alone, and all the combinations of these proteins. Since substantial variations in the fold
changes occurred between the experiments, we wanted to test whether statistically
significant differences between the groups held true when these conditions were
compared for all of the experiments together (Fig. 8 and Tables 11 and 12). To test this,
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FIG 6 Optimal BST2 signaling in concert with Ebola virus proteins requires the putative L70 tetramerization residue and

cysteine-dependent dimerization but not glycosylation or the GPI anchor signal sequence.
transfected similarly to those in Fig. 2A with the indicated BST2 mutants at 85 ng. After 24 h,

(A) Parental 293T cells were
NF-kB luciferase activity was

measured by luminometry. The box-and-whiskers graph represents two independent experiments. Statistics for the figure are
presented in Table 9. (B) Western blots of total cell lysates and VLPs from one representative experiment out of two. The
antibodies used for detection of the proteins were the same as in Fig. 1B. The VLP blots for lanes 13 through 24 are from the

same gel, which was run in a different order from the lysates; therefore, the image was cut and
of the lanes for the lysates.

reordered to match the order

we performed statistical analysis on the 14 experiments using transient expression of
BST2, each representing two independent replicates and each replicate containing two
to four technical replicates, for a total of 28 independent replicates of the same groups.

We used the Wilcoxon rank sum test for groups of single variables compa

red to

background NF-«B activity; i.e., two-group comparisons pre-normalization to the back-
ground control. We found that BST2, VP40, and GP, , all induced a significant increase
in NF-«B activity (Table 11). We used the Kruskal-Wallis test, followed by a Dunn'’s

multiple-comparison test, i.e.,, multiple-group comparisons post-normalization

to the

background control. The NF-kB activity induced by BST2 with GP, , was significantly

more than the activity induced by either protein alone (Tables 11 and 12). The
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TABLE 9 Statistical analyses of differences in NF-«B signaling presented in Fig. 6A

Group 1 Group 2 Wilcoxon rank sume  Significant

pcDNA BST2-WT 0.0002¢ Yes
BST2-L70D 0.0002¢ Yes
BST2-N2Q 0.0002¢ Yes
BST2-C3A 0.32824 No
BST2-AGPI 0.0002¢ Yes

BST2-WT BST2-L70D 0.0011° Yes
BST2-N2Q 0.13049 No
BST2-C3A 0.0002¢ Yes
BST2-AGPI 0.0002¢ Yes

BST2-WT + VP40 BST2-L70D + VP40 0.0006¢ Yes
BST2-N2Q + VP40 0.0830¢ No
BST2-C3A + VP40 0.0002¢ Yes
BST2-AGPI + VP40 0.0002¢ Yes

BST2-WT + GP, , BST2-L70D + GP, , 0.02867 Yes
BST2-N2Q + GP, , 0.20004 No
BST2-C3A + GP,, 0.02867 Yes
BST2-AGPI + GP, , 0.02867 Yes

BST2-WT + VP40 + GP,, BST2-L70D + VP40 + GP,, 0.0148“ Yes
BST2-N2Q + VP40 + GP, , 0.32824 No
BST2-C3A + VP40 + GP, , 0.0002¢ Yes
BST2-AGPI + VP40 + GP, , 0.0002¢ Yes

ap = 0.05.

bp = 0.005.

P = 0.0005.

dNot significant.
eP values in bold are for comparisons in which the pcDNA control was set to 1.

activity produced by BST2 in concert with both Ebola virus proteins (i.e., when BST2,
GP, ,, and VP40 were coexpressed) was significantly more than the activity pro-
duced by any of the three combinations of two proteins (BST2 plus VP40, BST2 plus
GP, ,, or GP, , plus VP40) (Tables 11 and 12). By pooling our data sets and using
rigorous statistical analyses, we supported the notion that the induction of NF-«B
activity by BST2, Ebola virus GP, ,, and Ebola virus VP40 is at least additive and that
despite its ability to antagonize restricted VLP release, GP, , is not an antagonist of
BST2-mediated signaling.

DISCUSSION

In this study, we sought to confirm that BST2 induced NF-«B activity in response to
the Ebola virus VLP-forming protein, VP40, and asked whether this signaling was
reduced when BST2-mediated VLP entrapment was antagonized by Ebola virus GP, ,.
BST2 restricts the release of several families of enveloped viruses (2, 3). It also induces
NF-kB activity when expressed alone or, to a greater extent, when coexpressed with the
virion-forming proteins of retroviruses (4, 5).

We found that the coexpression of BST2 WT with the Ebola virus VLP-forming VP40
protein produced more NF-«B activity than either protein alone. This was observed in
cells that expressed BST2 stably or transiently (Tables 1 to 4), although the effect did
not reach statistical significance in the stable-expression model when analyzed by
Dunn’s test for multiple comparisons (Fig. TA and Table 2). These results regarding the
coexpression of BST2 with VP40 are consistent with the reported ability of BST2 to
induce an increase in NF-«B activity in response to the expression of HIV-1AVpu and
murine leukemia virus (4, 5). Consequently, the induction of NF-«B activity by BST2 in
concert with VP40 could fit a model in which signaling is induced (or enhanced) by
BST2 aggregation, which is presumably associated with VLP entrapment at the plasma
membrane.

When we introduced the virus-encoded BST2 restriction antagonists, we found that
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FIG 7 BST2 signaling in concert with Ebola virus proteins is independent of VLP entrapment yet dependent on the cytoplasmic tyrosine 6 of BST2. (A)
HEK293T cells were transfected similarly to those in Fig. 2A with plasmids expressing the indicated BST2 mutants (85 ng). After 24 h, NF-«B luciferase
activity was measured by luminometry. The box-and-whiskers graph represents two independent experiments. Statistics for the figure are in Table 10.
(B) Surface BST2 WT and BST2-AGPI detected by flow cytometry. Green fluorescent protein (GFP) was used as a transfection control, and GFP-positive
(transfected) cells are shown. (C) Western blots of total cell lysates from one representative experiment out of two. The antibodies used for detection

of the proteins are the same as in Fig. 1B.

while HIV-1 Vpu inhibited NF-«B signaling, GP, , did not. Although Vpu inhibits virion
restriction by BST2 and thus reduces VLP entrapment at the plasma membrane, it also
degrades BST2, downregulates its expression at the plasma membrane, and targets it
away from virion assembly sites (13, 17, 21, 34). Any of these effects could potentially
affect the activation of NF-«B. Perhaps most importantly, HIV-1 Vpu directly and
generally inhibits the canonical NF-«kB pathway independently of BST2 signaling; Vpu
usurps the B-TrCP/cullin-1 ubiquitin ligase complex and consequently inhibits the
ubiquitination and degradation of kB (35). Thus, a primary cause of the inhibition of
BST2-mediated NF-«B activation by Vpu could be its general effect on NF-«B signaling,
an activity that, to our knowledge, is unique among virally encoded BST2 antagonists.
This model is supported by the observation that a Vpu mutant unable to interact with
BST2 nonetheless inhibits the activation of NF-«B (5). Previous reports have shown that
GP, , neither removes BST2 from the plasma membrane nor targets BST2 for degra-
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TABLE 10 Statistical analyses of differences in NF-«B signaling presented in Fig. 7A

Group 1 Group 2 Wilcoxon rank sum< Significant
pcDNA BST2-WT 0.0002° Yes
BST2-AGPI 0.0002° Yes
BST2-Y6A 0.00479 Yes
BST2-Y6A/AGPI 0.0002° Yes
BST2-WT BST2-AGPI 0.0002° Yes
BST2-Y6A 0.0002° Yes
BST2-Y6A/AGPI 0.0003° Yes
BST2-WT + VP40 BST2-AGPI + VP40 0.0002° Yes
BST2-Y6A + VP40 0.0002° Yes
BST2-Y6A/AGPI + VP40 0.0006° Yes
BST2-WT + GP,, BST2-AGPI + GP, , 0.0002° Yes
BST2-Y6A + GP,, 0.0002° Yes
BST2-Y6A/AGPI + GP, , 0.0002° Yes
BST2-WT + VP40 + GP,, BST2-AGPI + VP40 + GP,, 0.0002° Yes
BST2-Y6A + VP40 + GP,, 0.0002° Yes
BST2-Y6A/AGPI + VP40 + GP,,  0.0002% Yes
BST2-AGPI BST2-Y6A/AGPI 0.0002° Yes
BST2-AGPI + VP40 BST2-Y6A/AGPI + VP40 0.0002° Yes
BST2-AGPI + GP, , BST2-Y6A/AGPI + GP, , 0.0002° Yes
BST2-AGPI + VP40 + GP,,  BST2-Y6A/AGPI + VP40 + GP,,  0.0002° Yes
ap = 0.005.
bp = 0.0005.

<P values in bold are for comparisons in which the pcDNA control was set to 1.

dation (25, 26); however, it does prevent the immunoprecipitation and microscopic
colocalization of VP40 with BST2 (27). While these activities might be key to GP’s ability
to antagonize virion entrapment, they appear to have no negative influence on
signaling by BST2. Instead, and paradoxically, we observed, using both stable and
transient BST2 expression systems, that GP,, increases NF-kB signaling when ex-
pressed together with VP40 and BST2.

Based on the above-mentioned results, we propose that, unlike the model proposed
for retroviruses, VP40 VLP entrapment is not the main driving force behind the
activation of NF-«B by BST2 in the setting of Ebola virus protein expression. We further
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FIG 8 BST2 signaling in concert with Ebola virus VP40 and GP, , as a reproducible phenotype. We
combined the normalized NF-kB firefly luciferase values from the 14 independent experiments
shown in Fig. 2 through 7 for the groups indicated on the box-and-whiskers graph. We used the
samples expressing 1976 Zaire ebolavirus GP, , for the figure. Statistical analyses are presented in
Tables 11 and 12.
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TABLE 11 Statistical analysis of NF-«B luciferase signaling data presented in Fig. 8

Wilcoxon rank  Kruskal-Wallis

Group 1 Group2 sum (control = 1) Dunn’s  Significant
pcDNA BST2 <0.0001® Yes
VP40 <0.0001° Yes
GP, , <0.0001° Yes
VP40 + GP GP <0.0001° a Yes
VP40 a Yes
BST2 + VP40 VP40 <0.0001° a Yes
BST2 a Yes
BST2 + GP BST2 <0.0001° a Yes
GP a Yes
BST2 + VP40 + GP  BST2 + VP40 <0.0001° a Yes
VP40 + GP a Yes
GP + BST2 a Yes
ap = 0.0005.
bP < 0.0001.

supported this hypothesis by showing that a defect in BST2's VLP restriction function,
as demonstrated by the BST2-AGPI mutant, did not hinder the activation of NF-kB in
response to VP40 expression. Moreover, this mutant was not expressed at the cell
surface, which suggests that the cooperative enhancement of NF-«B activity resulting
from VP40 and BST2 coexpression did not depend on their interaction at the plasma
membrane. Rather, the two proteins could be interacting within intracellular mem-
branes.

We propose two potential explanations for how BST2, VP40, and GP, , might work
together to activate NF-«B. The first is simply the merging of the signaling pathways of
BST2 alone and of the Ebola virus proteins alone at or before the 1kB degradation step
of the canonical NF-«B activation pathway. Consistent with this model, we observed
that the determinants of BST2 activity in isolation were the same as the determinants
of its activity in concert with the Ebola virus proteins, as demonstrated by the BST2-Y6A,
BST2-Y6,8A, and C3A mutants. Expression of these BST2 mutants, along with both Ebola
virus proteins, reduced the observed NF-kB activity compared to the Ebola virus
proteins alone, although this reduction did not reach significance using rigorous
statistical analysis. Nonetheless, these BST2 mutants might act as dominant-negative
inhibitors of signaling by the Ebola virus proteins, possibly due to sequestration of
shared cofactors along the signaling pathways. In this model, how VP40 and GP, ,
induce NF-«B activity independently of BST2 requires further investigation. One mech-
anism that cannot be excluded by our data is VLPs containing GP, , or shed forms of
GP (36, 37) signaling from the extracellular space through an unknown surface receptor
on HEK293T cells. Ebola virus VLPs containing GP, , or extracellular shed forms of GP
trigger NF-kB activation through signal transduction from the surfaces of certain cell
types (37, 38). Specifically, Toll-like receptor 4 and the myeloid-specific C-type lectin

TABLE 12 Normalized NF-«B luciferase values presented in Fig. 8

Group Median? Min® Max< 25th percentile 75th percentile
VP40 4.129 1.052 18.49 3.035 5.62

GP,, 1.93 0.8319 4.363 1.483 2.316

VP40 + GP,, 2143 5.248 53.09 10.66 29.15

BST2 5.651 2.208 16 4315 7.116

BST2 + VP40 15.23 3.641 28.54 12.11 18.87

BST2 + GP,, 14.57 4.164 2716  10.66 18.59

BST2 + VP40 + GP 48.48 13.09 137.6 34.87 7291

aControl = 1.

bMin, minimum value.
Max, maximum value.
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receptor (LSECtin) act as surface pattern recognition receptors for GP-containing VLPs
and shed GP (39, 40). Extracellular signaling by VLPs formed by VP40 alone in the
absence of GP seems less likely, favoring the possibility that signaling by VP40, alone
or in concert with BST2, occurs by an intracellular mechanism. The second, alternative
explanation is that direct intracellular interactions occur between BST2, VP40, and GP, ,,
which result in structural or conformational modifications in the proteins that enhance
their ability to induce NF-«B activity. This hypothesis could be tested by defining and
characterizing the signaling activities of mutants of BST2, VP40, and GP, , that do not
interact with each other.

How the BST2 ectodomain structure and topology contribute to the induction of
NF-kB activity is not fully understood. We have previously shown and confirmed here
that the putative tetramerization residue L70 is important for BST2 signaling, yet it is
largely dispensable for virion entrapment (5). Given that the BST2 ectodomain tetramer
forms in vitro under reducing conditions, whereas the extracellular environment is
oxidizing, whether tetramerization per se is required for signaling is unclear. We
confirmed that cysteines required for the dimerization of BST2 are required for signal-
ing as well as virion entrapment (5). Dimerization has been proposed to provide
signaling activity by juxtaposing two hemi-ITAM motifs in each of the BST2 cytoplasmic
domains (the YXYXXV sequence). Each of these features of BST2 is required both for
BST2 to signal on its own and for its signaling in concert with the Ebola virus proteins.

While the role of the GPI anchor in BST2 signaling remains elusive, our data support
its dispensability. During GPI anchor addition in the endoplasmic reticulum (ER), a
C-terminal hydrophobic-membrane insertion signal sequence is cleaved, and the GPI
anchor is attached to a serine residue just N terminal of the cleavage site (41, 42). The
AGPI mutant used here encodes an in-frame deletion; the C-terminal region of the
precursor protein remains encoded, potentially providing a second membrane anchor
despite the lack of a GPI anchor (43). This mutant is active for signaling but defective
for restriction. In contrast, the BST2-AGPI mutant previously reported to be defective for
both signaling and virion restriction (4, 9) encodes a stop codon rather than an in-frame
deletion at the site of GPI anchor addition (2); it therefore lacks a hydrophobic region
that could attach the C terminus to the membrane by acting as a second TM domain.
We suspect that lack of the second TM domain in the stop codon mutant, rather than
its inability to trap virions at the PM, explains its inability to induce NF-kB activity. In
contrast, our in-frame GPI signal deletion mutant, by virtue of its alternative mode of
C-terminal membrane attachment, might maintain an ectodomain topology required
for signaling. Our mutant nonetheless failed to restrict virion release, which we suspect
is due to its failure to reach the plasma membrane. Based on these observations and
comparisons, we propose that signaling by BST2 requires a C-terminal attachment to
the plasma membrane in addition to its N-terminal TM domain. Moreover, BST2 can
signal whether expressed on the plasma membrane or on intracellular membranes and
whether or not it is able to entrap virions. The notion that BST2 requires a membrane-
anchored C terminus to signal suggests that the topology of the protein’s ectodomain
is important for this function. This raises the possibility that interaction with another
membrane protein(s), or BST2 multimerization, is important.

What are the caveats to our study, in particular in comparison to previous studies
that focused on retroviruses? One difference is that the Ebola virus VLP system utilizes
the expression of just two viral proteins rather than the whole viral genomes used in
the cases of HIV-1 and MLV. As a result, we report only the isolated effects of VP40 and
GP, , on BST2-mediated NF-«B signaling. Nonstructural proteins of Ebola virus, which
are missing in our experiments, could in principle antagonize BST2 signaling. Moreover,
the absolute and relative amounts of VP40 and GP, , expressed here might not be the
same as those that are expressed from the intact virus. These caveats could be
addressed using a full Ebola virus infection system, which requires a biosafety level 4
(BSL4) facility.

Our findings regarding the activation of NF-kB were largely reproducible in two
separate HEK293T cell-based settings, one in which parental cells were engineered to
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express BST2 constitutively and another in which BST2 was expressed by transient
transfection from a plasmid. Differences in the molecular mass patterns observed for
BST2 in these two systems were nonetheless striking (compare Fig. 1B for BST2 to the
Western blots in the other figures). In the stable-expression system, as expected,
higher-molecular-mass species, which are likely the more highly glycosylated and
mature forms of BST2, were much more evident than in the transient-expression
systems, in which lower-molecular-mass, immature forms predominate. The intensities
of the BST2-specific bands were essentially unchanged by the expression of Ebola virus
proteins in the stable-expression system, whereas in the transient-expression system,
the intensities of low-molecular-mass BST2-specific bands were increased by the ex-
pression of the Ebola virus proteins. The basis for this phenomenon is unclear, but it
might explain why, although consistently observed in replicate experiments, the in-
crease in signaling caused by BST2 when VP40 and GP were coexpressed did not reach
statistical significance in the stable-expression system, whereas it did in the transient-
expression system (compare Tables 1 and 11). A possible explanation for the VP40- and
GP-induced increases in BST2 expression after transient transfection is that the NF-«B
activity induced by the Ebola virus proteins stimulates the cytomegalovirus (CMV)
promoter that drives the expression of BST2. However, the same promoter drives BST2
expression in the HEK293T cells expressing BST2 constitutively (Hu6 cells), and as noted
above, the expression of BST2 was not affected by the Ebola virus proteins in that
system. Given the low molecular mass of the BST2 species that accumulated after
transient expression, we speculate that they might be trapped in the ER. This specu-
lation leads to the hypothesis that signaling by BST2 can occur from ER membranes, a
hypothesis consistent with the ability of the AGPI mutant to signal despite its lack of
residence at the plasma membrane. A limitation of our use of HEK293T cells is that they
are not representative of early cellular targets during Ebola virus infections, although
kidney cells are late targets during infection (44, 45). Studies using macrophages or
dendritic cells will be required to extend our results to cells that are targeted early
during Ebola virus infection.

In summary, our data support a model of BST2-mediated NF-«B activation that does
not require the entrapment of virions at the plasma membrane. Instead of acting as an
antagonist of signaling, Ebola virus GP, , stimulates maximal NF-«B activity when
coexpressed with VP40 and BST2. GP protein from the Reston ebolavirus species, which
is not pathogenic in humans, is just as effective as an antagonist of virion entrapment
and as a stimulator of signaling as are GP proteins from the Zaire ebolavirus species,
which is pathogenic. Despite the lack of specific pattern recognition receptors in our
cell model, Ebola virus VP40 and GP, , induce NF-kB activity even in the absence of
BST2. Additional studies are needed to understand the interplay between these two
viral proteins and BST2 in Ebola virus infection models and through the use of cells that
are specific early targets of Ebola virus infection. Determining whether other viral
antagonists of virion entrapment by BST2 are, like Ebola virus GP, inactive as signaling
antagonists will enable conclusions about the generalizability of models derived from
the study of HIV-1 and other retroviruses regarding BST2 as a virus sensor.

MATERIALS AND METHODS

Tissue culture and plasmids. HEK293T cells (obtained from Nathaniel Landau, New York University)
were maintained in Dulbecco’s minimum essential medium (DMEM) containing high glucose and
L-glutamine (Gibco Thermo Fisher, Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS)
(Gimini Bio Products, West Sacramento, CA, USA), 1% Pen/Strep (Gibco), 1X nonessential amino acids
(NEAA) (Gibco), and 1X sodium pyruvate (Gibco). The pcDNA3.1-BST2 expression plasmid was described
previously (5). Hu6-BST2 stable cells were created from parental HEK293T cells by cotransfection with
linearized plasmids encoding BST2 (pcDNA3.1-BST2 WT) and zeocin resistance in a 10:1 ratio. Single-cell
clones were selected using zeocin. BST2 expression was screened using surface staining of BST2 with a
fluorescent antibody, followed by flow cytometry. A QuikChange mutagenesis kit (Stratagene) was used
to create the pcDNA3.1-BST2-Y6A, -Y8A, and -Y6,8A mutants as described previously (5, 46). pcDNA-
BST2-C3A encoding BST2 with cysteine residues 53, 63, and 91 replaced with alanines has been described
previously (6). The L70D putative tetramerization-defective mutants, N2Q (N65Q/N92Q) glycosylation
free, and the AGPI (A156-163) mutant of BST2 were described previously (5). pCAGGS-zaireGP, ,-His/V5
and pCAGGS-FLAG-zaireVP40 were kind gifts from Paul Bates, University of Pennsylvania. Glycoprotein
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open reading frames that produce proteins corresponding to the 2014 Zaire ebolavirus strain Ebola
virus/H. sapiens-wt/SLE/2014/Makona-EM095B (accession number AIE11800.1) and the Reston ebolavirus
strain Philippine 1992 (accession number U23416.1) were cloned into expression plasmid pCAGGS by
standard methods. The pcDNA3.1-VpHu plasmid expressing human codon-optimized HIV-1 Vpu was a
kind gift from Klaus Strebel, National Institute of Allergy and Infectious Diseases, and was described
previously (47). pRC-HA-IkB WT and pRC-HA-Ik3 S32/36A (DN) were kind gifts from Michael Karin,
University of California, San Diego, and were described previously (48). The pGL4.74 [hRIuc/TK] plasmid
expressed the reporter Renilla luciferase (Promega) under the transcriptional control of a herpes sarcoma
virus thymidine kinase promoter. The pGL4.32 [luc2P/NF-«B-RE/Hygro] NF-«B firefly luciferase (Promega)
plasmid expressed firefly luciferase under the transcriptional control of five copies of an NF-«kB response
element. The pCG-GFP plasmid was a kind gift from Jacek Skowronski, Case Western Reserve University.

Antibodies and reagents. Rabbit antisera for BST2 and HIV-1 Vpu were obtained from the NIH AIDS
Reference Repository and contributed by Klaus Strebel. Alexa-Fluor 647-conjugated anti-BST2 (RS38E)
and unconjugated anti-lkB mouse monoclonal antibodies were purchased from Biolegend, Inc. (San
Diego, CA, USA). Anti-tubulin and anti-FLAG monoclonal mouse antibodies were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Rabbit serum (R12) raised against the Ebola virus-secreted GP, which
shares a common N-terminal domain with full-length, membrane-bound GP and recognizes GP, ,, was
a generous gift from Paul Bates and was described previously (12). Recombinant TNF-« was purchased
from Biolegend, Inc. (San Diego, CA, USA).

SDS-PAGE and Western blotting. Cells were lysed in Western blotting sample buffer (100 mM Tris,
0.79% sodium dodecyl sulfate [SDS], 19.8% glycerol, 9.9% B-mercaptoethanol, and 0.002% bromophenol
blue in deionized water). Samples were run on SDS-polyacrylamide gel electrophoresis (PAGE) gels. The
proteins were then transferred into polyvinylidene difluoride (PVDF) membranes (Bio-Rad) using the
Trans-blot turbo transfer apparatus (Bio-Rad). Goat anti-mouse IgG or goat anti-rabbit IgG secondary
antibodies conjugated to horseradish peroxidase (HRP) (Bio-Rad) were used for detection of protein
signal by chemiluminescence. Blot images were captured using the ChemiDoc MP system (Bio-Rad). Raw
images were converted to the TIF format using ImageLab software (Bio-Rad) and edited using Adobe
Photoshop.

Measuring NF-«B activity using a luciferase reporter system. Cells were seeded in quadruplicate
wells of 12-well tissue culture plates (Corning) in DMEM without antibiotics. The next day, the cells were
transfected using 5 wl of Lipofectamine 2000 (Invitrogen) following the manufacturer’s protocol. The
amounts of DNA used for each transfection are indicated in the figure legends. For the IkB experiment
(Fig. 4A), one experimental replicate used 20 ng of the I«B plasmids and the other used 40 ng IkB
plasmid. For the MLN4924 experiment (Fig. 4C), one experimental replicate used 100 nM MLN4924 and
the other used 500 nM MLN4924. Cells were harvested 24 hours after transfection. Two-thirds of the cells
from each well were used for the Dual-Glo luciferase assay (Promega) according to the manufacturer’s
protocol. A SpectraMax M3 plate reader (Molecular Devices, Sunnyvale, CA, USA) was used to measure
luminescence for the signaling experiments shown in Fig. 2 through 8. The Enspire multimode plate
reader (PerkinElmer, Waltham, MA, USA) was used to measure luminescence for the signaling experi-
ments shown in Fig. 1. Using both devices, firefly luciferase activity was measured and quenched first,
and Renilla luciferase was measured subsequently. The remaining one-third of the cells from each of the
wells was used for the detection of protein expression by WB.

VLP collection and detection. One day after transfection, media from two wells of a 12-well plate
were combined and cleared of cellular debris by centrifugation at 300 X g for 6 min at 4°C. The media
were stored at —80°C or immediately added to a monolayer of 200 ul of 20% sucrose (prepared in 1X
PBS) (Invitrogen, Thermo Fisher, Waltham, MA, USA). VLPs were pelleted at 23,500 X g for 1 hour at 4°C.
The supernatants were aspirated, and the pellets were resuspended in Western blot sample buffer. The
pelleted VLPs were subjected to SDS-PAGE and WB.

MLN4924 treatment. The nedd8 activation inhibitor MLN4924 was purchased from Active Biochem
(Maplewood, NJ, USA) and described previously (32). The lyophilized drug was dissolved in dimethyl
sulfoxide (DMSO), and aliquots were stored at —80°C. HEK293T cells were seeded in quadruplicate wells
and transfected as described above. Four to 6 h after transfection, fresh DMEM containing DMSO alone
or MLN4924 at 100 nM (or 500 nM) final concentration was added to the wells. The cells were harvested
the next day, and luciferase activity was measured as described above.

Flow cytometry. Cells were plated in single wells of a 12-well plate. Twenty-four hours later, the cells
were transfected using 200 ng pCG-GFP together with either the pcDNA3.1 control plasmid, pcDNA3.1-
BST2 WT, or pcDNA3.1-AGPI as described above. The next day, the cells were assayed for surface BST2
expression by flow cytometry using an AF647-conjugated anti-BST2 antibody. The cells were fixed in 3%
paraformaldehyde (Affymetrix, Santa Clara, CA, USA) and assayed using an Accuri C6 flow cytometer (BD
Biosciences, San Jose, CA, USA). The data were analyzed using FlowJo software.

Statistical analysis. In GraphPad Prism 5, we used the Wilcoxon rank sum statistical test, assuming
a 95% confidence interval, for nonparametric data to determine the statistical significance of changes in
NF-kB activity when comparing two groups. We used the Kruskal-Wallis test, followed by Dunn’s
multiple-comparison test assuming a 95% confidence interval, to compare multiple groups of NF-«B fold
changes normalized to a value of 1 for the pcDNA control. The P values for the Dunn’s test in Tables 1,
4, and 11 refer to the significance between the indicated compared groups, adjusted for the total
number of comparisons made. Box-and-whiskers graphs represent median values and the range be-
tween the 25th and 75th percentile of the data from independent experiments, where the whiskers
represent the maximum and minimum values of the data.
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