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ABSTRACT Endogenous retroviruses have demonstrated exaptation during longterm evolution with hosts, e.g., resulting in acquisition of antiviral effect on related
extant viral infections. While empirical studies have found that an endogenous
bornavirus-like element derived from viral nucleoprotein (itEBLN) in the ground
squirrel genome shows antiviral effect on virus replication and de novo infection, the
antiviral mechanism, dynamics, and quantitative effect of itEBLN remain unknown. In
this study, we experimentally and theoretically investigated the dynamics of how an
extant bornavirus, Borna disease virus 1 (BoDV-1), spreads and replicates in uninfected,
BoDV-1-infected, and itEBLN-expressing cultured cells. Quantifying antiviral effect
based on time course data sets, we found that the antiviral effects of itEBLN are
estimated to be 75% and 34% on intercellular virus spread and intracellular virus
replication, respectively. This discrepancy between intercellular virus spread and
intracellular viral replication suggests that viral processes other than the replication of viral ribonucleoprotein complex (RNP) contributed to the suppression of
virus spread in itEBLN-expressing cells. Because itEBLN binds to the BoDV-1 RNP,
the suppression of viral RNP trafﬁcking can be an attractive candidate explaining
this discrepancy.
IMPORTANCE Accumulating evidence suggests that some endogenous viral ele-

ments (EVEs), including endogenous retroviruses and endogenous nonretroviral virus
elements, have acquired functions in the host as a result of long-term coevolution.
Recently, an endogenous bornavirus-like element (itEBLN) found in the ground
squirrel genome has been shown to have antiviral activity against exogenous bornavirus infection. In this study, we ﬁrst quantiﬁed bornavirus spread in cultured cells
and then calculated the antiviral activity of itEBLN on bornavirus infection. The calculated antiviral activity of itEBLN suggests its suppression of multiple processes in
the viral life cycle. To our knowledge, this is the ﬁrst study quantifying the antiviral
activity of EVEs and speculating on a model of how some EVEs have acquired antiviral activity during host-virus arms races.
KEYWORDS Borna disease virus, endogenous bornavirus-like nucleoproteins,
mathematical modeling, data analysis, endogenous bornavirus-like element
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ndogenous retroviruses (ERVs) have accumulated in the genomes of many organisms during evolution and account for around 8% of the human genome (1).
Although the signiﬁcance of ERV sequences remains unclear, some have been proposed to exert antiviral, reproduction-related, or immune-modulating functions, that is,
inhibiting infection with related viruses (2–4), controlling cell-to-cell fusion during
placentation (5), or regulating the immune system (6, 7). In addition to ERVs, nonretroviruses have also left their sequences in eukaryotic genomes (8). Among nonretroviral
endogenous viral elements (EVEs), endogenous bornavirus-like elements derived from
nucleoprotein (EBLNs) have been intensively studied (9–11). As species with EBLNs
appear relatively protected against symptoms caused by infection with Borna disease
virus 1 (BoDV-1), a current mammalian orthobornavirus, it has been speculated that
EBLNs play roles in antiviral host responses (9, 10). Consistent with this, we have
recently demonstrated that an EBLN in the thirteen-lined ground squirrel genome
(itEBLN) inhibits BoDV-1 replication and infection (12). Although the expression of
itEBLN was conﬁrmed in thirteen-lined ground squirrel tissues, including the brain, a
main target tissue of bornaviruses, the antiviral effect of itEBLN in the target cells has
not been evaluated because of the lack of available cultured cells of thirteen-lined
ground squirrels (12).
BoDV-1 is a nonsegmented, negative-stranded RNA virus that causes fatal encephalitis in various species, including humans (13–19). BoDV-1 replicates in the nucleus
without causing overt cytopathic effects and readily establishes a persistent infection
(20). BoDV-1 ribonucleoprotein complex (RNP) is the replication unit of BoDV-1, consisting of BoDV-1 genomic RNA, nucleoprotein (N), phosphoprotein (P), and large
protein (L) (20). Because BoDV-1 spreads in cultured cells in the absence of detectable
extracellular virus or syncytium formation (21), it has been proposed that cell-to-cell
spread is the main route of BoDV-1 transmission. BoDV-1 glycoprotein (G), a viral
surface protein responsible for the viral entry, is required for viral spread, including a
primary infection and subsequent cell-to-cell spread (22–25). During spread of the virus
to adjacent cells, BoDV-1 RNP needs to be exported to the cytoplasm from the nuclei
of infected cells, where BoDV-1 RNA synthesis occurs, then transported to uninfected
cells via an as-yet-unknown mechanism, and, ﬁnally, enter the nuclei of uninfected cells
to replicate (20). Although itEBLN was shown to inhibit BoDV-1 RNA synthesis (both
genomic RNA replication and mRNA transcription) and cell-to-cell spread, the experiments were conducted using different cell lines and evaluated inhibition only at the
endpoint (12). Thus, the relationship between inhibition of BoDV-1 RNA synthesis and
spread and the difference in dynamics of BoDV-1 spread in the presence and absence
of itEBLN have not been comprehensively or systematically investigated.
In this study, we employed an experimental and theoretical investigation based on
viral infection experiments. We ﬁrst quantitatively evaluated how BoDV-1 spreads and
replicates in cultured cell lines. With these quantitative BoDV-1 infection dynamics, we
found that the antiviral effects of itEBLN are estimated to be 75% and 34% on
intercellular virus spread and intracellular virus replication, respectively. This is the ﬁrst
report to quantitatively evaluate BoDV-1 spread. Based on our calculation, we speculated on the mode of antiviral effect conferred by itEBLN.
RESULTS
Modeling intercellular BoDV-1 spread in cultured cells. To quantify the early
phase of BoDV-1 spread in OL cells (a human oligodendrocyte cell line), we employed
a combined experimental-theoretical approach (26, 27). As described in Table 1, we
cocultured OL cells with OL/BoDV-GFP cells, cells infected with BoDV-1 carrying a green
fluorescent protein (GFP) reporter (ratio of target cells to OL/BoDV-GFP cells, 1,000:1).
We then passaged and measured the numbers of uninfected and infected cells every
3 days. BoDV-1 carrying a GFP reporter was expected to spread from OL/BoDV-GFP cells
to neighboring uninfected cells through cell-to-cell contacts without producing detectable virions. Thus, the increase of GFP-positive cells was determined by the rates of the
cell-to-cell spread of BoDV-1 and the division of infected cells in the culture. We also
November 2020 Volume 94 Issue 21 e01204-20
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TABLE 1 Time course of experimental data from BoDV-1 spread assay
Value on measurement day:
Cell line name
OL

Cell type
Uninfected
Infected

OL/itEBLN

Uninfected
Infected

OL/BoDV

Uninfected

Data used for ﬁtting
Fixed values for ﬁtting
Data used for ﬁtting
Fixed values for ﬁtting
Data used for ﬁtting
Fixed values for ﬁtting
Data used for ﬁtting
Fixed values for ﬁtting

0
377,242
378

374,134
375

382,571
383

3
1,161,800
294,127
2,852
1,357

6
1,166,627
293,491
5,396
1,357

9
1,105,046
289,532
20,294
5,317

12
1,016,170

653,486
167,203
958
246

695,830
166,999
1,872
449

654,621
289,531
2,614
666

697,053

1,352,390
301,089
1,615
360

1,189,718
301,195
1,003
254

1,095,837
300,916
1,937
532

62,484

3,440

962,687
1,948

measured BoDV-1 spread in OL/itEBLN cells, OL cells stably expressing itEBLN, and
OL/BoDV cells, OL cells persistently infected with BoDV-1, to evaluate the antiviral effect
of itEBLN and the potential for superinfection, respectively. First, we conﬁrmed that the
viabilities of OL, OL/itEBLN, and OL/BoDV cells were comparable (Fig. 1A). Then, since
the number of cells did not reach carrying capacity of cell culture system, we assumed
that the total number of target cells increased exponentially every 3 days (i.e., there
were four periods of 0 to 3, 3 to 6, 6 to 9, and 9 to 12 days), described by dN
共t兲⁄dt ⫽ giN共t兲, where N共t兲 is the number of target cells and gi is the growth rate for
each period i (⫽ 1,2,3,4). Therefore, we estimated gi ⫽ log 兵N共3i兲⁄N关3共i ⫺ 1兲兴其⁄3 and
ﬁxed them (Table 1).
Next, to describe intercellular BoDV-1 spread in cell culture, we divided the total cell
count by the number of uninfected cells, T共t兲, and infected cells, I共t兲. itEBLN has been
proposed to function as a dominant negative mutant of BoDV-1 N, suppressing viral
replication and de novo infection, although the detailed mechanism remains unknown
(12). Superinfection with homologous viruses in virus-infected cells is, in general, rarely
successful. Because of this, BoDV-1 spread was expected to be inhibited in OL/itEBLN
and OL/BoDV cells in our experimental setting. Assuming that the rate constant for
infection is ␤ and the antiviral effects on intercellular virus spread in OL/itEBLN and
OL/BoDV cells are j (j ⫽ EBLN or BoDV), we have the following mathematical model:

FIG 1 Cell viability and density dependency for intercellular BoDV-1 dynamics. Viabilities of OL, OL/itEBLN, and OL/BoDV cells were evaluated and are expressed
as the means ⫹ ﬁve independent experiments in panel A. BoDV dynamics in OL cells are shown in panel B. Dots show the time course of experimental data
for the numbers of uninfected cells (blue) and infected cells (red). The shaded region corresponds to 95% posterior predictive intervals, and the solid lines yield
the mean for the full mathematical model with best-ﬁt parameter estimates. Using all accepted MCMC parameter estimates from the time course experimental
data sets, the distribution of e⫺␣ is shown in panel C. n.s., no signiﬁcance (t test).
November 2020 Volume 94 Issue 21 e01204-20
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Type of data
Data used for ﬁtting
Fixed values for ﬁtting
Data used for ﬁtting
Fixed values for ﬁtting
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TABLE 2 Parameter values for BoDV-1 spread assay
Value (95% CI) for:
Parameter
Parameters obtained simultaneous ﬁt to full in vitro data set
Rate constant for infections
Antiviral effect % of OL/itEBLN cell line
Antiviral effect % of OL/BoDV cell line

Symbol (unit)

OL cells

OL/itEBLN cells

OL/BoDV cells

␤ (no./well)⫺1 (day)⫺1
EBLN
BoDV

0.40 (0.39–0.42)
—
—

0.40 (0.39–0.42)
0.75 (0.70–0.79)
—

0.40 (0.39–0.42)
—
0.83 (0.76–0.91)

Parameters obtained ﬁt to each cell type in vitro data set
Growth rate from day 0–day 3
Growth rate from day 3–day 6
Growth rate from day 6–day 9
Growth rate from day 9–day 12

g0
g1
g2
g3

0.375
0.460
0.446
0.432

0.186
0.476
0.456
0.477

0.421
0.458
0.431
0.388

(day⫺1)
(day⫺1)
(day⫺1)
(day⫺1)
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dT(t)
(1 ⫺ j)␤
⫽ giT(t) ⫺
T(t)I(t)
dt
1 ⫹ e⫺␣[T(t) ⫹ I(t) ⫺ 1]
(1 ⫺ j)␤
dI(t)
⫽ giI(t) ⫹
T(t)I(t)
dt
1 ⫹ e⫺␣[T(t) ⫹ I(t) ⫺ 1]
Here, ␣ is a scaling parameter describing how the infection rate depends on total
cell density; for example, ␤⁄兵1 ⫹ e⫺␣关T共t兲 ⫹ I共t兲 ⫺ 1兴其 ⫽ ␤ and ␤⁄兵1 ⫹ e⫺␣关T共t兲 ⫹ I共t兲 ⫺
1兴其 ⫽ ␤⁄N共t兲 if ␣ is ⬁ and 0 (i.e., e⫺␣ ⬇ 0 and e⫺␣ ⫽ 1), respectively. Interestingly, in our
data ﬁtting, our estimation indicated e⫺␣ ⫽ 1 (Fig. 1B and C). Without loss of generality,
here, we assumed the following simple model:
dT(t)
(1 ⫺ j)␤
(1 ⫺ j)␤
dI(t)
⫽ giT(t) ⫺
T(t)I(t),
⫽ giI(t) ⫹
T(t)I(t)
dt
N(t)
dt
N(t)

(1)

To assess the variability of kinetic parameters and model predictions, we performed
Bayesian estimation for the whole data set and simultaneously ﬁtted equation 1 above
to the numbers of uninfected and infected target cells from OL, OL/itEBLN, and
OL/BoDV cell cultures as described previously (26, 27). These estimated parameter and
initial values are listed in Table 2. The typical behaviors of the model using these best-ﬁt
parameter estimates are shown together with the data in Fig. 2A to C for OL, OL/itEBLN,
and OL/BoDV cells, respectively, which reveal that equation 1 describes these in vitro
data very well. The shaded regions correspond to 95% posterior predictive intervals, the
blue and pink solid lines give the best-ﬁt solution (mean) for the uninfected and
infected cells, respectively, and the dots show the experimental data sets. In addition,
using estimated parameters in Table 2, we performed in silico analysis for the predicted
fraction of infected cells among total cells under the condition that there is no cell
growth in Fig. 2D, to decompose two processes, de novo infection and cell division,
which maintain the number of infected cells. Because the viabilities of OL and OL/BoDV
cells were comparable during 3 days of coculture with OL/BoDV-GFP cells (Fig. 2E) and
the infected cell fraction in OL/BoDV cells is not changed but almost in a steady state,
we speculate that the infected cells are mainly maintained by cell division but not de
novo infection. Conversely, the fraction slightly increases, and therefore, de novo
infection still contributes in OL/itEBLN cells. In Fig. 2F, we show the distributions of
antiviral effects on cell-to-cell spread, EBLN and BoDV, in OL/itEBLN and OL/BoDV cells.
Comparing these parameters for OL/itEBLN and OL/BoDV cells, we found that there was
a signiﬁcant difference between the antiviral effects of EBLN (mean, 0.75; 95% credible
interval [CI], 0.70 to 0.79) and BoDV (mean, 0.94; 95% CI, 0.82 to 0.99) (P ⫽ 0.0017 by
repeated bootstrap t test). Taken together, these estimates reveal the antiviral effect of
itEBLN and demonstrate that BoDV-1 superinfection to the BoDV-1-infected cells is
almost completely inhibited.
Modeling of intracellular BoDV-1 replication in cultured cells. Although our quantitative data analysis in cell cultures revealed the antiviral effect on cell-to-cell spread of
BoDV-1, it is still not fully understood how intracellular BoDV-1 replication is inhibited
in OL/itEBLN and OL/BoDV cell cultures. To address this point, we used a minigenome
November 2020 Volume 94 Issue 21 e01204-20
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assay and measured viral polymerase activity in OL, OL/itEBLN, and OL/BoDV cells at
several time points (Table 3). In the BoDV-1 minigenome assay, BoDV-1 minigenome
RNP was reconstituted by coexpression of the N, P, and L proteins with a BoDV-1
minigenome RNA containing the leader and trailer sequences and the Gaussia luciferase (GLuc) gene. As BoDV-1 RNP is the replication unit of BoDV-1, the luciferase activity
is considered correlated with BoDV-1 polymerase activity (28). We calculated the
expected number of OL, OL/itEBLN, and OL/BoDV cells with our estimated growth rate
(g0 in Table 2) and normalized luciferase activity per cell. Therefore, we assumed that
the variable L共t兲 is the luciferase activity per cell proportional to the amount of viral RNA
synthesis from the minigenome (28), which becomes measurable after t ⬎ , and the

TABLE 3 Time course of experimental normalized data from minigenome assay
Value on measurement day:
Cell line name
OL
OL/itEBLN
OL/BoDV

0.75
0.005
0.012
0.004

November 2020 Volume 94 Issue 21 e01204-20

1
0.128
0.117
0.029

2
9.524
6.638
0.454

3
18.426
10.320
0.471
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FIG 2 Quantiﬁcation of intercellular BoDV-1 dynamics in OL, OL/itEBLN, and OL/BoDV cells and the antiviral effect of itEBLN. OL, OL/itEBLN, and OL/BoDV cells
were cocultured with OL/BoDV-GFP cells (target-to-seed ratio, 1,000:1). OL/itEBLN cells are OL cells stably expressing itEBLN. OL/BoDV cells are OL cells
persistently infected with BoDV-1 strain huP2br. These cells were passaged once every 3 days and cultured in new wells at 4 ⫻ 105 cells/well. BoDV-1 dynamics
in OL, OL/itEBLN, and OL/BoDV cells are shown in panels A, B, and C, respectively. Dots show the time course of experimental data (the averaged data of at
least four independent experiments) for the numbers of uninfected cells (darker) and infected cells (lighter). The shaded region corresponds to 95% posterior
predictive intervals, and the solid lines indicate the mean for equation 1 with best-ﬁt parameter estimates. In addition, the solid lines and shaded regions show
the mean and 95% posterior predictive intervals of the predicted fraction of infected cells among total cells in panel D. Viabilities of OL and OL/BoDV cells during
3 days of coculture with OL/BoDV-GFP cells were evaluated and are expressed as the means ⫹ ﬁve independent experiments in panel E. Using all accepted
MCMC parameter estimates from the time course experimental data sets, the distributions of the antiviral effect on BoDV-1 infection in OL/itEBLN and OL/BoDV
cells (i.e., EBLN and BoDV) are shown in panel F. The dotted lines and dark and light bars show the mean, 95% credible interval, and whole estimations of the
antiviral effects, respectively.
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TABLE 4 Parameter values for minigenome assay
Value (95% CI) for:
Parameter
Production rate of luciferase activity in OL cell line
Antiviral effect for viral RNA synthesis in OL/itEBLN cell line
Antiviral effect for viral RNA synthesis in OL/BoDV cell line
Delay of viral RNA synthesis
Clearance rate of viral RNA synthesis
Time for detection of viral RNA synthesis
Initial condition of viral RNA synthesis

Symbol (unit)
r (day⫺1)
EBLN
BoDV
d (day⫺1)
 (day⫺1)
 (day⫺1)
L共0兲

OL cells
33.31
—
—
1.03
1.21
0.91
0.005

OL/itEBLN cells
33.31
0.34 (0.18–0.49)
—
1.03
1.21
0.91
0.005

OL/BoDV cells
33.31
—
0.95 (0.94–0.97)
1.03
1.21
0.91
0.005

dL(t)
⫽ (1 ⫺ j)(1 ⫺ e⫺d(t⫺))r ⫺ L(t)
dt

Downloaded from http://jvi.asm.org/ on April 16, 2021 by guest

parameters r, d, and  represent the production rate of luciferase activity by the viral
RNA synthesis, the delay of the viral RNA synthesis, and the decay of the viral RNA
synthesis product, respectively. Considering that the inhibition rates of viral polymerase
activity in OL/itEBLN and OL/BoDV cells are j (j ⫽ EBLN or BoDV), the luciferase
activities are described by the following equation:
(2)

By ﬁtting equation 2 above to the luciferase activities in OL cells, we ﬁrst estimated
kinetic parameters of , r, d, and  and initial values. Then, ﬁxing these values, we
further independently estimated the inhibition rates EBLN and BoDV in OL/itEBLN and
OL/BoDV cells. All estimated parameter and initial values are listed in Table 4. The
typical behaviors of equation 2 using these best-ﬁt parameter estimates are shown
together with the data in Fig. 3A. The shaded regions correspond to 95% posterior
predictive intervals, the solid lines give the best-ﬁt solution (mean), and the dots show
the experimental data sets. In Fig. 3B, we show the distributions of inhibition rates

FIG 3 Quantiﬁcation of intracellular BoDV-1 dynamics in OL, OL/itEBLN, and OL/BoDV cells and antiviral effect of itEBLN. OL, OL/itEBLN, and OL/BoDV cells were
transfected with plasmids expressing BoDV-1 N, P, L, and a Pol II-driven minigenome encoding GLuc. The luciferase activities in OL, OL/itEBLN, and OL/BoDV
cells are shown together in panel A. Dots show the time course of experimental data for the luciferase activities of OL (green), OL/itEBLN (blue), and OL/BoDV
(red) cells (the averaged data of at least three independent experiments), the shaded region corresponds to 95% posterior predictive intervals, and the solid
lines indicate the mean for equation 2 with best-ﬁt parameter estimates. The distributions of the inhibition rate on intracellular BoDV-1 replication in OL/itEBLN
and OL/BoDV cells (i.e., EBLN and BoDV) are shown in panel B. The dotted lines and dark and light bars show the mean, 95% credible interval, and whole
estimations of the antiviral effects, respectively.
November 2020 Volume 94 Issue 21 e01204-20
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EBLN (mean, 0.34; 95% CI, 0.18 to 0.49) and BoDV (mean, 0.83; 95% CI, 0.76 to 0.91); we
found that there was a signiﬁcant difference between them (P ⫽ 0.00029 by repeated
bootstrap t test). In OL/BoDV cells, the antiviral effect on cell-to-cell BoDV-1 spread,
BoDV, and that on intracellular BoDV-1 replication, BoDV, were in similar ranges,
consistent with the idea that the infected cells were maintained almost entirely by cell
division. Interestingly and converse to this, comparing Fig. 2F and 3B, we found the
antiviral effect on intracellular BoDV-1 replication, EBLN, to be much smaller than that
on cell-to-cell BoDV-1 spread, EBLN, in OL/itEBLN cells, although the minigenome assay,
which does not consider transmission chain of BoDV-1, might not be able to capture
the mild antiviral effect because of its ﬂat distribution. This discrepancy between
intercellular virus spread and intracellular viral replication is discussed below in detail.

November 2020 Volume 94 Issue 21 e01204-20
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DISCUSSION
A recent study has demonstrated that itEBLN inhibits BoDV-1 infection (12), but the
mode of antiviral effect of itEBLN remains obscure. In this study, we, for the ﬁrst time,
experimentally and theoretically investigated how BoDV-1 spreads and replicates in OL,
OL/itEBLN, and OL/BoDV cells. Estimating parameter values from the time course data
sets, we found that cell-to-cell virus spread and intracellular virus replication were
similarly inhibited in OL/BoDV cells (more than 80%), and infected cells were mainly
maintained by cell division but not de novo infection (Fig. 2F and 3B). Although the
mechanism of how superinfection of BoDV-1 was suppressed is not clear, we speculate
that host factors required for BoDV-1 replication had been occupied by existing viral
RNPs, and therefore, de novo infection to the infected cells were suppressed. On the
other hand, de novo infection still contributed to maintenance of infected cell numbers
in OL/itEBLN cells even though itEBLN inhibited 75% and 34% of cell-to-cell virus
spread and intracellular virus replication, respectively (Fig. 2F and 3B).
In a previous study, itEBLN was proposed to exert its antiviral function as a dominant
negative mutant of BoDV-1 N (12). A comparison of amino acids in the itEBLN and
BoDV-1 N proteins suggested that itEBLN could coassemble with BoDV-1 N into viral
RNP and that itEBLN might bind to P, thereby affecting the dynamics of this protein
(12). All these assumptions may explain the mechanism of how itEBLN inhibits intracellular replication. In this study, we further noticed that N but not itEBLN contains a
nuclear localization signal (NLS) at the N terminus (12). Because of this, NLS-deﬁcient
itEBLN may inhibit viral RNP transport from the cytoplasm to the nucleus, similarly to
the case of Fv1, a gene derived from an ERV (29). We demonstrated that the antiviral
effect of itEBLN on intracellular BoDV-1 replication was much smaller than that on
cell-to-cell BoDV-1 spread. At present, actual antiviral mechanisms of itEBLN are not
fully understood. However, because itEBLN cannot affect the dynamics of viral RNP
in the seed OL/BoDV-GFP cells and amino acid sequence analysis revealed the lack
of an NLS in itEBLN, the difference in antiviral effect between intercellular spread
and intracellular replication might be explained by the suppression of both viral
RNA synthesis and viral RNP transport from the cytoplasm to the nucleus by itEBLN.
As a result, itEBLN exerts its antiviral effect on intercellular spread to a greater
extent than on intracellular replication, because our minigenome assays considered
only the viral RNA synthesis process and not the viral RNP transport process (Fig. 2F
and 3B).
Our analyses may also provide insights into the mechanisms of how virus-derived
sequences acquire antiviral activity. As described above, itEBLN appears to block at
least two different steps in the viral replication cycle. Based on our quantitative
calculation, the antiviral effect on intracellular replication was less than 40%, while the
antiviral effect in total (i.e., intercellular spread) was 75%. Considering that itEBLN is
derived from an ancient bornavirus N protein, the original N sequence integrated into
the ancestor species seemingly evolved to become itEBLN by losing its NLS and
reducing viral polymerase-supporting activity. If the original sequence has undergone
only one of these modiﬁcations, the antiviral effect on bornaviruses would be expected
to be insufﬁcient. In this case, bornavirus mutants that can escape from restriction
jvi.asm.org 7

Kim et al.

Journal of Virology

Downloaded from http://jvi.asm.org/ on April 16, 2021 by guest

mediated by this sequence will readily emerge and such sequences are not maintained
in the host genome. Thus, itEBLN may be maintained in the genome because it has
uniquely acquired two modiﬁcations and the antiviral effect is strong enough to
prevent the emergence of bornavirus escape mutants. In other words, multifaceted
antiviral effects may be a key mechanism to prevent the emergence of escape viruses,
since the probability of viruses to simultaneously acquire multiple mutations to conquer the restriction is very low. Because of this, the sequences with multifaceted
antiviral effects are likely maintained in the host genome long term. At present,
although bornaviruses seem to have infected ⬃3% of squirrels, the infection has not
been detected in the subfamily to which the thirteen-lined ground squirrel belongs
(30). itEBLN is phylogenetically located within the cluster of extant bornaviruses,
suggesting the recent formation of the element. A previous study estimated the
integration time of itEBLN as ⬍0.3 million years ago (MYA) via a mechanism of
recombination with ERVs and a short interspersed element (31). Based on these lines of
information and the antiviral effects of itEBLN we observed, bornavirus infection may
still function as a selective pressure for itEBLN-mediated restriction in ground squirrels.
In conclusion, our modeling and quantitative analyses show the impact of antiviral
effect by itEBLN on BoDV-1 at the intracellular and intercellular levels. Together with
amino acid sequence analysis, these ﬁndings lead us to propose that itEBLN effectively
blocks BoDV-1 spread by inhibiting viral RNP transport to the nucleus and viral RNA
synthesis in the nucleus. Our study emphasizes the importance and usefulness of
quantitative analysis to deeply understand the biological processes, including antiviral
effects, of EVEs.
MATERIALS AND METHODS
Cells. OL (a human oligodendrocyte cell line) cells were cultured in Dulbecco’s modiﬁed Eagle’s
medium (DMEM; Nacalai, Kyoto, Japan) supplemented with 5% fetal bovine serum (FBS). OL cells
persistently infected with the huP2Br strain (32) of BoDV-1 (OL/BoDV) and recombinant BoDV-1 carrying
the GFP gene cassette (OL/BoDV-GFP [33]) were cultured under the same conditions as the parental cells.
OL cells stably expressing itEBLN (OL/itEBLN) were established as described previously (12) and maintained in culture medium with G418 (Invitrogen, Carlsbad, CA).
BoDV-1 spread assay. OL/BoDV-GFP cells (4 ⫻ 102/well) were seeded onto OL, OL/BoDV, or OL/
itEBLN cells (4 ⫻ 105/well) in 12-well plates. The coculture was passaged every 3 days. At passage, 4 ⫻ 105
cells were seeded in new 12-well plates. The spread of BoDV-GFP in the culture was determined by
measuring the number of GFP-positive cells using a Tali image-based cytometer (Invitrogen) at the
desired time points. Cell viability was determined using a CytoTox-Glo cytotoxicity assay (Promega,
Fitchburg, MA).
Minigenome assay. Minigenome assays were conducted as described previously (28, 34), with some
modiﬁcations. Brieﬂy, OL cells were transfected with plasmids expressing BoDV-1 N, P, L, and a
polymerase II (Pol II)-driven minigenome construct carrying the Gaussia luciferase (GLuc) gene as a
reporter gene using Lipofectamine 2000 (Invitrogen). At 18, 24, 48, and 72 h posttransfection, luciferase
activities in culture media were measured using a Gaussia luciferase assay kit (New England BioLabs)
according to the manufacturer’s instructions. The GLuc activity was normalized to the corresponding cell
number.
Data ﬁtting and parameter estimation. To assess the variability of kinetic parameters and model
predictions as described previously (27, 35), we performed Bayesian estimation for the whole data set
using Markov chain Monte Carlo (MCMC) sampling (36). To adopt the Bayesian inference model, we
assumed a measurement error following normal distribution with mean zero and error variance. A
distribution of the error variance following gamma distribution as its prior distribution can be assumed.
The MCMC calculation was applied to obtain the distribution of the posterior prediction parameters,
which indicate the parameter variability. Distributions of model parameters in equations 1 and 2 were
inferred directly by MCMC computations. These estimated parameter values are listed in Tables 2 and 4.
We employed a bootstrap t test (37) to quantitatively characterize differences in parameters. In total,
5,000 parameter sets were sampled with replacement from the posterior predictive distributions to
calculate the bootstrap t statistics. To avoid potential sampling bias, the bootstrap t test was performed
100 times repeatedly. The averages of the computed P values were used as indicators of differences.
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