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ABSTRACT Pseudorabies virus (PRV) is a porcine alphaherpesvirus and the causative
agent of Aujeszky’s disease. Successful eradication campaigns against PRV have largely
relied on the use of potent PRV vaccines. The live attenuated Bartha strain, which was pro-
duced by serial passaging in cell culture, represents one of the hallmark PRV vaccines.
Despite the robust protection elicited by Bartha vaccination, very little is known about the
immunogenicity of the Bartha strain. Previously, we showed that Bartha-infected epithelial
cells trigger plasmacytoid dendritic cells (pDC) to produce much higher levels of type I
interferons than cells infected with wild-type PRV. Here, we show that this Bartha-induced
pDC hyperactivation extends to other important cytokines, including interleukin-12/23 (IL-
12/23) and tumor necrosis factor alpha (TNF-a) but not IL-6. Moreover, Bartha-induced pDC
hyperactivation was found to be due to the strongly increased production of extracellular
infectious virus (heavy particles [H-particles]) early in infection of epithelial cells, which corre-
lated with a reduced production of noninfectious light particles (L-particles). The Bartha ge-
nome is marked by a large deletion in the US region affecting the genes encoding US7
(gI), US8 (gE), US9, and US2. The deletion of the US2 and gE/gI genes was found to be re-
sponsible for the observed increase in extracellular virus production by infected epithelial
cells and the resulting increased pDC activation. The deletion of gE/gI also suppressed L-
particle production. In conclusion, the deletion of US2 and gE/gI in the genome of the PRV
vaccine strain Bartha results in the enhanced production of extracellular infectious virus in
infected epithelial cells and concomitantly leads to the hyperactivation of pDC.

IMPORTANCE The pseudorabies virus (PRV) vaccine strain Bartha has been and still is
critical in the eradication of PRV in numerous countries. However, little is known
about how this vaccine strain interacts with host cells and the host immune system.
Here, we report the surprising observation that Bartha-infected epithelial porcine
cells rapidly produce increased amounts of extracellular infectious virus compared to
wild-type PRV-infected cells, which in turn potently stimulate porcine plasmacytoid
dendritic cells (pDC). We found that this phenotype depends on the deletion of the
genes encoding US2 and gE/gI. We also found that Bartha-infected cells secrete
fewer pDC-inhibiting light particles (L-particles), which appears to be caused mainly
by the deletion of the genes encoding gE/gI. These data generate novel insights
into the interaction of the successful Bartha vaccine with epithelial cells and pDC
and may therefore contribute to the development of vaccines against other (alpha-
herpes)viruses.
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Suid herpesvirus 1, Aujeszky’s disease virus, or pseudorabies virus (PRV) is a prototypical
alphaherpesvirus and the causative agent of Aujeszky’s disease (1). In pigs, PRV infec-

tions manifest as respiratory, neurological, and/or reproductive illness depending on the
age of the pig, while in other susceptible hosts, infection causes severe neurological symp-
toms and is invariably lethal (1, 2). Because of the catastrophic impact of PRV outbreaks on
pig industries (3), tremendous efforts have been made to develop vaccines and eradication
programs against PRV (4). One of the gold-standard PRV vaccines is the attenuated Bartha-
K61 strain (5, 6). Although its origin is uncertain, it was made by serial passaging, which led
to the incorporation of various mutations into the viral genome (7). The Bartha strain dis-
plays a variety of mutations scattered over the entire length of the genome (7–11), but it is
marked particularly by a large 3.4-kbp deletion in the unique short (US) region of the ge-
nome, affecting the genes encoding US7 (glycoprotein I [gI]), US8 (gE), US9, and US2 (12).
The membrane proteins gE and gI function as a heterodimer (13) in conjunction with US9
in anterograde neuronal transport (14–21). In addition, the gE/gI heterodimer is also
involved in viral protein sorting, cell-to-cell spread, and plaque formation (21–24). In line
with this, the Bartha strain produces smaller plaques upon infection in cell monolayers
than wild-type (WT) PRV strains (25). More recently, we demonstrated that gE suppresses
type I interferon (IFN) production by plasmacytoid dendritic cells (pDC) in response to PRV-
infected cells (26). US2, on the other hand, is a small, prenylated viral tegument protein
that associates with the plasma membrane of the infected cell. It binds the cellular extracel-
lular signal-regulated kinase 1/2 (ERK1/2) kinase and sequesters it at the plasma membrane
(27–30). While gE and gI play important roles as virulence factors in vivo in different infec-
tion models (14, 31, 32), the role of US2 during viral pathogenesis in animals is less clear
(32, 33).

pDC constitute a small subset of peripheral blood mononuclear cells (PBMC), repre-
senting only 0.1 to 0.5% of the total cell population, yet they can produce up to 1,000
times more type I IFNs than any other cell type (34, 35). Not surprisingly, they are con-
sidered major if not the sole producers of type I IFNs in the PBMC population upon
alphaherpesvirus infections, including herpes simplex virus 1 (HSV-1) and PRV (36, 37).
Given that pDC may also produce other proinflammatory cytokines such as interleukin-
12 (IL-12), IL-6, and tumor necrosis factor alpha (TNF-a), they play an important role in
shaping the immune response against and the control of alphaherpesvirus infections
(38–46). Previously, we reported that type I IFN production by pDC in response to PRV
strictly depends on the presence of extracellular virions (or H-particles), while so-called
virus light particles (L-particles) that lack DNA and capsid suppress this pDC response
(37). Moreover, we also found that epithelial cells infected with the PRV vaccine strain
Bartha trigger strongly increased type I IFN production by pDC compared to cells
infected with WT PRV (26).

In this study, we report that the hyperactivation of pDC in response to Bartha-infected
epithelial cells stretches beyond the production of massive amounts of IFN-a and also
leads to the production of large amounts of IL-12/23 and TNF-a but not IL-6. Moreover, we
found that epithelial cells infected with Bartha PRV show an increased rate of production
of extracellular infectious virus (and reduced production of L-particles) compared to WT
PRV and that this correlates with the increased IFN-a response by pDC elicited by Bartha.
Importantly, using single-gene-deletion mutants, we show that the deletion of US2 or gE/
gI increases the production of extracellular infectious virus and concomitantly leads to the
increased activation of pDC, whereas the deletion of gE/gI significantly reduces the produc-
tion of L-particles in infected epithelial cells.

RESULTS
PRV Bartha-infected epithelial cells induce hyperactivation of pDC cytokine

production. Previously, we demonstrated that porcine pDC mount a vigorously
increased IFN-a response when incubated with porcine swine testis (ST) cells infected
with the PRV vaccine strain Bartha compared to ST cells infected with wild-type (WT)
PRV, which was partially caused by the deletion of the gE/gI genes in the Bartha ge-
nome (26). As a first step to further characterize this phenotype, we investigated the
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effect of Bartha-infected ST cells on the production of other important cytokines by
pDC, specifically IL-6, TNF-a, and IL-12/23. Figure 1 shows that pDC-enriched PBMC
populations incubated with Bartha-infected ST cells produce strongly increased
amounts of both TNF-a and IL-12/23 compared to pDC incubated with cells infected
with WT PRV strain Kaplan or Becker. Interestingly, no increased production of IL-6 was
observed, whereas the positive control for pDC activation via double-stranded DNA,
the Toll-like receptor 9 (TLR9) ligand CpG ODN D32, triggered marked IL-6 production,
as expected (Fig. 1D).

To assess whether the measured cytokines indeed originated from pDC in the pDC-
enriched PBMC populations, ST cells infected with PRV (Bartha or WT) were incubated
with (i) pDC-enriched PBMC populations, (ii) the corresponding amounts of fluores-
cence-activated cell sorting (FACS)-purified pDC, or (iii) PBMC populations in which the
pDC subpopulation was FACS depleted. As an additional control, to assess whether
infected ST cells themselves produce detectable amounts of the measured cytokines,
PRV-infected ST cells alone, without the addition of any PBMC type, were also analyzed.
As negative and positive stimulation controls, mock-infected ST cells and the TLR9
ligand CpG ODN D32 were used, respectively. Figure 2 demonstrates that FACS-sorted
pDC and pDC-enriched PBMC (containing the corresponding amounts of pDC) dis-
played nearly identical IFN-a, IL-12/23a, and TNF-a responses upon stimulation with
PRV-infected ST cells or with CpG. In line with this, the production of these cytokines
was nearly undetectable when pDC were stimulated with mock-infected/mock-treated
ST cells and under conditions without pDC, i.e., ST cells alone or pDC-depleted PBMC.
These data demonstrate that pDC are the main producers of IFN-a, TNF-a, and IL-12/
23 in these cell populations in response to PRV.

FIG 1 Bartha-infected cells trigger elevated cytokine responses in pDC compared to cells infected with WT PRV.
Confluent ST cells were mock inoculated or inoculated with WT Becker, WT Kaplan, or Bartha PRV (MOI of 10)
for 2 h, after which the cells were washed and coincubated with pDC-enriched PBMC populations. The
supernatant was collected 22 h later and analyzed by ELISAs, quantifying IFN-a (A), IL-12/23 p40 (B), TNF-a (C),
and IL-6 (D). For the latter, as a positive control, pDC-enriched PBMC populations were also stimulated with
CpG ODN (ns, not significant; **, P , 0.01; ***, P , 0.001).
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To confirm that the hyperactivating effect of Bartha-infected epithelial cells on pDC is
not due to the use of immortalized epithelial cells (ST cells), primary porcine kidney (PK)
cells were used. Figure 2E shows that, like for ST cells, the incubation of PRV Bartha-
infected primary PK cells with pDC-enriched PBMC triggered a significantly increased IFN-a
response compared to that using WT PRV Kaplan-infected PK cells (Fig. 2E).

Overall, these data show that epithelial cells infected with the PRV Bartha vaccine
strain trigger hyperactivation of pDC, resulting in the massively increased production
of IFN-a, TNF-a, and IL-12/23, and that pDC are major producers of these cytokines in
PBMC stimulated with PRV-infected cells.

Bartha PRV rapidly reaches high viral titers early during infection of epithelial
cells compared to WT PRV. We previously demonstrated that DNA-containing PRV vi-
rions are necessary for pDC activation in response to PRV (37). Since pDC show an
increased IFN response upon contact with Bartha-infected cells compared to WT PRV-
infected cells, one-step growth analyses were performed to assess whether the kinetics
of infectious virus production in Bartha-infected cells were different from those in cells
infected with the WT PRV strain Kaplan. Figure 3A shows that early in infection, the
production of extracellular infectious virus in Bartha-infected cells increases more rap-
idly than that in WT PRV-infected cells, with over 1,000-fold increased production of
extracellular infectious virus at the early time point of 6 h postinoculation (hpi). The
extracellular infectious titer of Bartha-infected cells remains significantly increased at
later time points (8 hpi, 10 hpi, and 12 hpi) but from 16 hpi onward reaches a plateau
similar to that observed for WT PRV-infected cells. Interestingly, the intracellular virus
titers (Fig. 3B) of Bartha-infected ST cells did not show the same pattern as that of the

FIG 2 Hyperactivation of pDC induced by Bartha-infected ST cells does not depend on other PBMC subpopulations and is also observed using infected
primary epithelial cells. (A to D) Confluent ST cells were mock inoculated or inoculated with WT Becker, WT Kaplan, or Bartha PRV (MOI of 10) for 2 h, after
which the cells were washed and overlaid with pDC medium only or pDC medium containing pDC-enriched PMBC, FACS-sorted pDC, or FACS-pDC-
depleted PBMC populations. As a positive control, pDC were stimulated with CpG ODN. The supernatant was collected 22 h later and analyzed by ELISAs,
quantifying IFN-a (A), IL-12/23 p40 (B), TNF-a (C), and IL-6 (D). Error bars represent the standard deviations from two technical replicates. (E) Confluent
primary PK cells or ST cells were mock inoculated or inoculated with WT Kaplan or Bartha PRV (MOI of 10), followed by the removal of the inoculum at 2
hpi and the addition of pDC-enriched PBMC for another 22 h. IFN-a concentrations were determined by an ELISA (**, P , 0.01).
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extracellular virus titers. Indeed, very early in infection (4 hpi), the intracellular virus ti-
ter in Bartha-infected ST cells is significantly lower than that observed in WT PRV-
infected cells. At later time points, the intracellular virus titers of Bartha-infected cells
catch up with (6 hpi) and even exceed (8 hpi, 12 hpi, and 16 hpi), albeit nonsignifi-
cantly, those of WT PRV-infected cells.

To assess whether the elevated viral titers in the supernatant of Bartha-infected cells
early in infection may explain the hyperactivating effect of Bartha-infected cells on pDC,
the supernatant from Bartha- or WT PRV Kaplan-infected cells was collected at 8 hpi, 12
hpi, 16 hpi, and 24 hpi and added to pDC-enriched PBMC. Here, we observed that, spe-
cifically, the supernatant collected at 8 hpi from Bartha-infected cells shows a strongly

FIG 3 Bartha PRV-infected epithelial cells display increased virus growth kinetics, which leads to an increased IFN-a response by pDC. (A and B) Confluent
ST cells were inoculated with WT Kaplan or Bartha PRV (MOI of 10), followed by the removal of the inoculum at 2 hpi and a low-pH treatment to inactivate
the remaining inoculum virus. Next, cells were overlaid with ST medium, and the supernatants and infected cells were collected at several time points
postinfection. Prior to cell harvesting, infected cells were treated with citrate buffer to inactivate any extracellular cell-adherent virus. Extracellular (A) and
intracellular (B) viral titers shown represent average values 6 standard deviations from three independent repeats. (C) Confluent ST cells were inoculated
with WT Kaplan or Bartha PRV (MOI of 10) for 2 h, after which the cells were washed and overlaid with pDC medium. The supernatant was collected at 8
hpi, 12 hpi, 16 hpi, and 24 hpi and added to pDC-enriched PBMC populations for 22 h, after which IFN-a production was measured via an ELISA. (D)
Confluent primary PK cells were inoculated with WT Kaplan or Bartha PRV (MOI of 10) for 2 h, after which the cells were washed and overlaid with pDC
medium. The supernatant was collected at 8 hpi and titrated. Viral titers shown represent average values 6 standard deviations from four independent
repeats. (E) Confluent ST cells were inoculated with WT Kaplan or Bartha PRV (MOI of 10) for 2 h, after which the cells were washed and overlaid with pDC
medium. The supernatant (SN) was collected at 8 hpi and subjected or not to ultracentrifugation (UCF) to remove virions. Next, the supernatant was added
to pDC-enriched PBMC for 22 h, after which the IFN-a concentration was determined via an ELISA. (F) Confluent ST cells were inoculated with WT Kaplan
or Bartha PRV (MOI of 10) for 2 h, after which the cells were washed and overlaid with ST medium. At 24 hpi, the supernatants were collected, and
infectious virions were purified using linear density gradient ultracentrifugation. Normalized virion titers were subsequently added to pDC-enriched PBMC
for 22 h, and IFN-a titers were determined via an ELISA. (G) Confluent ST cells were mock inoculated or inoculated with WT Kaplan or Bartha PRV (MOI of
10) for 2 h, after which the cells were washed and overlaid with pDC medium. The supernatant was collected at 8 hpi and mixed 1:1 as indicated by “1.”
The obtained supernatant combinations were then added to pDC-enriched PBMC for 22 h, and IFN-a titers were determined via an ELISA. (H) Confluent ST
cells were mock inoculated or inoculated with WT Kaplan or Bartha PRV (MOI of 10) for 2 h, after which the cells were washed and overlaid with pDC
medium. The supernatant was collected at 8 hpi and titrated. The Bartha supernatant was diluted with pDC medium to equalize the lower Kaplan titer. The
obtained supernatants were used to stimulate pDC-enriched PBMC for 22 h, and IFN-a titers were determined via an ELISA (ns, not significant; *, P , 0.05;
**, P , 0.01; ***, P , 0.001; ****, P , 0.0001).
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increased pDC IFN-a response compared to that of Kaplan-infected cells, whereas the
supernatants collected at later time points have a roughly similar capacity to trigger
interferon production by pDC (Fig. 3C). Importantly, as can be seen in Fig. 3D, Bartha
PRV extracellular virus titers at 8 hpi are also higher in primary PK cells, again indicating
that this phenotype is not caused by the use of immortalized epithelial cells. To exclude
any potential effects caused by other factors in the Bartha supernatant, in particular cyto-
kines, the supernatant of infected ST cells collected at 8 hpi was depleted of PRV virions by
ultracentrifugation and used to stimulate pDC. Figure 3E shows that the removal of PRV vi-
rions virtually abolishes the IFN-a response, supporting that the viral particles in the super-
natants of both Bartha- and WT PRV-infected cells are required for the stimulation of pDC,
which is in line with previous observations (37).

Previous research has shown that Bartha virions have an altered virion composition
compared to WT strains (6–12), including the absence of gE. To assess whether the dif-
ferences in virion composition between Bartha and WT PRV may result in differences in
pDC activation, the pDC-stimulating potencies of equal numbers of purified Bartha
and WT PRV virions were compared. Therefore, Bartha and Kaplan virions (so-called
heavy particles [H-particles]) were isolated via linear density ultracentrifugation and
added to pDC-enriched PBMC at several infectious titers. Figure 3F shows that regard-
less of the viral titer, purified Bartha and Kaplan virions induce nearly identical IFN-a
responses in pDC, implying that the altered virion architecture of Bartha virions does
not contribute significantly to the augmented pDC IFN-a response triggered by
Bartha-infected cells.

Although these results suggest that the Bartha supernatant at 8 hpi is more stimula-
tory for pDC than the WT supernatant because of increased virus titers, this does not
formally exclude the possibility that the supernatant from WT PRV-infected cells may
poorly stimulate pDC due to the presence of inhibitory factors. To further address this,
we mixed the supernatant of Bartha-infected cells collected at 8 hpi with the superna-
tant from WT PRV-infected cells (also at 8 hpi) or from mock-infected cells. Figure 3G
shows that a 1:1 mixture of the supernatant derived from Bartha-infected cells with ei-
ther the mock supernatant or the supernatant derived from WT PRV-infected cells only
slightly reduces the pDC IFN-a response compared to the supernatant derived from
Bartha-infected cells. To further strengthen these observations, we subsequently
diluted the supernatant of Bartha-infected ST cells collected at 8 hpi down to the virus
titer of the supernatant of WT PRV-infected cells and used this to stimulate pDC. This
assay demonstrated that the amounts of IFN-a produced by pDC in response to the
diluted Bartha supernatant and the undiluted Kaplan supernatant, which contain equal
virus titers, are similar (Fig. 3H).

In conclusion, these data support the idea that Bartha-infected epithelial cells
hyperactivate pDC due to the faster production of extracellular infectious virus in
Bartha-infected porcine epithelial cells than in cells infected with WT PRV.

Bartha-infected epithelial cells do not display increased production of structural
components or viral genomes but produce fewer L-particles. Our data demonstrate
that the production of extracellular infectious virus occurs more rapidly in Bartha-
infected cells than in cells infected with WT PRV. This may be counterintuitive at first
sight since the Bartha vaccine strain is an attenuated virus strain, characterized by a
drastically reduced cytopathic effect, a small-plaque phenotype on epithelial mono-
layers (in part due to the deletion of the glycoprotein gE), and severely reduced viru-
lence in vivo (5, 6). Seeing the somewhat surprising nature of our results in this context,
we sought to confirm the archetypal Bartha small-plaque phenotype compared to WT
PRV strains. Plaque sizes were analyzed on confluent ST monolayers overlaid with me-
dium containing carboxymethyl cellulose to prevent secondary plaque formation.
Comparison with the two WT PRV strains Becker and Kaplan confirmed that Bartha
indeed shows a significantly reduced efficiency in plaque formation (Fig. 4A), in line
with previous data (5, 25). Furthermore, flow cytometric analysis demonstrated that
Bartha-infected cells express the viral glycoprotein gB but not the viral glycoprotein gE
(Fig. 4B), again in line with previous data (47).
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In order for virions to assemble, structural viral proteins have to be produced in the
infected cells. To assess any potential differences in (structural) protein production in
cells infected with either Bartha or the WT PRV strain Kaplan or Becker, the production
of the immediate early protein IE180, the early protein US3, and the late proteins VP5,
gB, and gD was examined via Western blotting at 4 hpi, 8 hpi, and 12 hpi. Despite the
observed rapid increase in viral titers, no augmented production of any of these viral
proteins could be observed in Bartha-infected cells (Fig. 4C).

Since Bartha infectious virus production occurs more rapidly without increased viral
protein expression, we wondered whether Bartha genomes are produced faster in
infected cells than WT PRV, as this possibly would allow more nucleocapsids to assem-
ble in the cell nucleus. PRV genome copy numbers were determined via quantitative
PCR (qPCR) in a time course experiment in infected ST cells (Fig. 4D). Again, in contrast
to the viral titers, Bartha genome replication kinetics were not increased (and, in fact,
showed a nonsignificant decrease) compared to those of the WT PRV strain Kaplan. In
conclusion, these data show that the faster production of infectious virus of the PRV
strain Bartha is not caused by differences in the production of viral structural proteins
or viral genome replication.

Even though Bartha-infected cells are not more rapid in the production of structural
viral proteins or the replication of viral genomes, infectious H-particles are produced

FIG 4 Bartha PRV displays protein expression kinetics similar to those of WT PRV and slightly reduced genome replication in ST cells. (A) Plaque sizes of
confluent ST cells infected with WT Becker, WT Kaplan, or Bartha PRV (MOI of 0.001) at 24 hpi. (B) Flow cytometric analysis of ST cells that were mock
inoculated or inoculated with WT Becker, WT Kaplan, or Bartha PRV (MOI of 10) and analyzed at 24 hpi for the expression of glycoproteins gB and gE. (C)
Western blot analysis of ST cells that were mock inoculated or inoculated with WT Becker, WT Kaplan, or Bartha PRV (MOI of 10) and analyzed at 4, 8, and
12 hpi for the expression of different (viral) proteins. Tub, tubulin. (D) ST cells were inoculated with WT Kaplan or Bartha PRV (MOI of 10) for 2 h, after
which the cells were washed and overlaid with ST medium. Cells were collected at 4, 8, and 12 hpi, and DNA was isolated and quantified via qPCR. The
normalized genome copy numbers shown represent average values 6 standard deviations from three independent repeats (****, P , 0.0001).
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more rapidly. Based on this information, we hypothesized that perhaps in Bartha
infected cells, H-particle assembly occurs more efficiently. To explore this, ST cells
infected with Bartha or WT PRV at 12 hpi were analyzed by transmission electron mi-
croscopy (TEM) (Fig. 5A to F). Strikingly, we noted a clear difference in the presence of
secreted light particles (L-particles) between Bartha-infected and WT PRV-infected cells.
L-particles are noninfectious virus-like particles that lack a nucleocapsid and are pro-
duced by all alphaherpesviruses studied thus far (48). Bartha-infected cells produced
almost no secreted L-particles, even though plentiful H-particles could be distin-
guished (Fig. 5A to C). In contrast, WT PRV-infected cells produced very substantial
amounts of both L-particles and H-particles (Fig. 5D to F).

To assess this in more detail, L- and H-particle production by Bartha and WT PRV-infected
ST cells was assessed at different time points. Figure 5G shows that in addition to 12 hpi,
very few L-particles are produced by Bartha-infected cells at 16 hpi, again in contrast to WT
PRV-infected cells. At 24 hpi, Bartha-infected cells produce L-particles albeit at levels still
somewhat, but nonsignificantly, reduced compared to those of WT PRV-infected cells.

These observations suggest a model of the more efficient assembly and egress of
infectious virions in Bartha PRV-infected cells, as fewer structural viral proteins appear
to be used for noninfectious L-particle formation.

Increased infectious virus production in Bartha-infected epithelial cells is
caused by deletion of the US2 and gE/gI genes. One of the most prominent altera-
tions in the Bartha genome compared to WT PRV strains is the deletion of a 3.4-kb
sequence in the unique short (US) region encompassing the US7 (gI), US8 (gE), US9,
and US2 genes. Of interest, another attenuated PRV vaccine strain that was generated
by serial passaging (49, 50), the BUK strain, has a similar deletion in the US region of
the genome, encompassing the genes encoding gE, US9, and US2 (47, 51). This
prompted us to investigate whether the BUK strain similarly displays increased extrac-
ellular titers early in infection of ST cells. Figure 6A shows that, indeed, BUK extracellu-
lar titers at 8 hpi are significantly increased compared to those of both Becker and
Kaplan WT PRVs. Correspondingly, this also led to an increased IFN-a response by pDC
(Fig. 6B). These observations strongly suggest that the genes affected by the large US
deletions in both the Bartha and BUK genomes, i.e., gE/gI, US9, and/or US2, are respon-
sible for the observed increased extracellular viral titers early in infection.

FIG 5 Bartha-infected ST cells produce fewer noninfectious L-particles at 12 hpi and 16 hpi. (A to F) Transmission electron microscopy analysis of ST cells
infected with Bartha PRV (A to C) or WT Kaplan PRV (D to F) at 12 hpi. White arrowheads indicate several L-particles (lacking a nucleocapsid), and black
arrowheads indicate an exemplary H-particle. Bars, 500 nm. (G) Quantification of the L-to-H-particle ratio for Kaplan- and Bartha-infected ST cells analyzed
at 12 hpi, 16 hpi, and 24 hpi (ns, not significant; ****, P , 0.0001).
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FIG 6 Deletion of the PRV genes US2 and US7/US8 results in increased extracellular virus titers in infected epithelial cells and a
correspondingly increased IFN-a response by pDC. (A to F) Confluent ST cells were mock inoculated or inoculated with different PRV

(Continued on next page)
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To further investigate if the US deletion in the Bartha genome is critical for the
observed increase in the virus titer (and, consequently, increased pDC activation), ST
cells were mock infected or infected with WT PRV strain Becker, PRV strain Bartha, or
the isogenic strain PRV158 (Bartha strain with the large US deletion repaired using the
corresponding WT Becker strain sequence) or BaBe (WT Becker strain with the same
large US deletion as that present in Bartha). Figure 6C shows that infectious virus titers
at 8 hpi of ST cells infected with BaBe were significantly higher than those observed
using WT PRV Becker and, vice versa, that infectious virus titers observed for PRV158 at
8 hpi were significantly lower than those observed for Bartha. In line with this, the
addition of the corresponding supernatants to pDC-enriched PBMC showed that the
IFN-a response induced by the supernatant from BaBe-infected cells was significantly
increased compared to the response triggered by the supernatant from Becker-
infected cells and vice versa for PRV158 and Bartha (Fig. 6D). Altogether, these results
indicate that the US deletion in the Bartha genome plays critical roles in the increased
virus titers observed in epithelial cells infected with the PRV strain Bartha and the con-
comitantly increased pDC response.

Next, using isogenic Becker deletion mutants lacking either US7 (gI) and US8 (gE),
US9, or US2, the effects of the different genes affected by the US deletion on viral titers
early in infection and the corresponding pDC IFN-a responses were assessed. As gE
and gI form a heterodimer, and deletion phenotypes are generally interchangeable
(13, 20, 21, 31, 52), a deletion mutant that encompasses both genes was used in these
studies. As shown in Fig. 6E, the deletion of either US2 or gE/gI led to significantly
increased virus titers at 8 hpi compared to the titers observed for the WT PRV Becker strain,
similar to the increase observed using the BaBe strain (Becker strain with the Bartha US de-
letion). Correspondingly, pDC-enriched PBMC stimulated with the supernatant from cells
infected with US2- or gE/gI-deleted Becker displayed a strongly increased IFN-a response,
again similar to that when the supernatant of BaBe-infected cells was used (Fig. 6F). Again,
we assessed whether these observations are reproducible using primary PK cells. In line
with our above-described observations, the results were reproducible in primary epithelial
cells, as infection of PK cells with PRV strains carrying a deletion in the US2 or gE/gI gene
also led to increased viral titers (Fig. 6G) and concomitantly elevated IFN-a responses by
pDC (Fig. 6H). In summary, the deletion of both US2 and gE/gI causes increased production
of extracellular infectious virus early in infection of epithelial cells, which in turn leads to
increased IFN-a responses by pDC.

Deletion of gE/gI significantly suppresses PRV L-particle production. Since
Bartha-infected cells generate not only increased production of extracellular infectious virus
early in infection but also reduced production of L-particles (Fig. 5), we next investigated
whether the increased production of extracellular infectious virus observed upon the dele-
tion of US2 or gE/gI also coincides with diminished L-particle production. To assess this, ST
cells were infected with Becker WT, Becker US2null, Becker gE/gInull, or Becker US9null and
examined by TEM at 12 hpi. Figure 7 shows that cells infected with Becker WT display sub-
stantial L-particle production, whereas L-particle production by cells infected with gE/gI-
deleted Becker was almost completely abrogated. US2null PRV and, to a lesser extent,
US9null PRV displayed a non-statistically significant trend of reduced L-particle production.
These observations suggest that the expression of gE/gI not only suppresses the produc-
tion of extracellular infectious virus but also stimulates the production of L-particles in
infected epithelial cells.

FIG 6 Legend (Continued)
strains (MOI of 10) for 2 h, after which the cells were washed and overlaid with pDC medium. The supernatant was collected at 8 hpi
and titrated (A, C, and E) or added to pDC-enriched PBMC populations for 22 h, after which IFN-a production was measured via an
ELISA (B, D, and F). The viral titers shown represent average values 6 standard deviations from four independent repeats. (G and H)
Confluent primary PK cells were mock inoculated or inoculated with different PRV strains (MOI of 10) for 2 h, after which the cells were
washed and overlaid with pDC medium. The supernatant was collected at 8 hpi and titrated (G) or added to pDC-enriched PBMC
populations for 22 h, after which IFN-a production was measured via an ELISA (H) (ns, not significant; *, P , 0.05; **, P , 0.01; ***,
P , 0.001).
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DISCUSSION

In the current report, we demonstrate that epithelial cells infected with the attenuated
Bartha PRV vaccine strain elicit strongly increased IFN-a, IL-12/23, and TNF-a, but not IL-6,
responses by primary porcine pDC compared to cells infected with wild-type (WT) PRV
strains. Although pDC represent a minor fraction of PBMC, we found that these cells are
major producers in the PBMC population with regard to these PRV-triggered cytokine
responses. Moreover, quite surprisingly, we found that Bartha PRV replication in epithelial
cells results in the faster production and release of infectious virus particles than with WT
PRV and that this in turn leads to an elevated cytokine response by pDC. Despite this
increased production of extracellular infectious virus, we confirm that the Bartha strain is
attenuated in its ability to spread from cell to cell, as it causes reduced plaque sizes in cell
monolayers. We show that the increased infectious virus production is not associated with
augmented viral protein production or genome replication but does correlate with
reduced production of L-particles. Using different PRV mutant strains, we show that the US
deletion in Bartha, and particularly the deletion of the genes encoding US2 and gE/gI, is re-
sponsible for the observed increase in the pDC response by increasing H-particle produc-
tion, whereas the deletion of gE/gI leads to a severe reduction in L-particle formation.

pDC represent only 0.2 to 0.5% of the PBMC population, yet we and others showed
that they are by far the major producers of type I IFNs in response to several herpesvi-
ruses, including PRV (37), HSV-1 (36), and human cytomegalovirus (HCMV) (53). Here,
we have found that in response to PRV infection, pDC are also important producers of
other proinflammatory cytokines, including IL-12/23 and TNF-a, in the PBMC popula-
tion but do not produce detectable amounts of IL-6 in response to PRV-infected cells.
The latter observation is in line with other research indicating that different signaling
axes regulate the production of different cytokines by pDC (34). For example, whereas
the nuclear translocation of the transcription factors IFN regulatory factor 5 (IRF-5) and
NF-kB subunit p50 drives the expression of type I IFN in human pDC, the nuclear trans-
location of IRF-5, NF-kB p50, as well as NF-kB p65 is needed to drive the expression of
IL-6 (54). It will therefore be interesting to assess in future assays the exact signaling
axes triggered by PRV in pDC that may explain the observed lack of IL-6 induction. It is
also of interest that although at later time points postinfection, the supernatant of WT
PRV-infected epithelial cells contains sufficient virus particles to stimulate pDC (Fig.
3C), pDC that have been in contact with WT PRV-infected epithelial cells from 2 hpi to
24 hpi still produce very little interferon or other cytokines (Fig. 1A). This suggests that
factors present in or on PRV-infected epithelial cells suppress pDC activation at these
stages of infection, a hypothesis that will be addressed in further research.

As an important sidenote, some care must be taken not to attribute pDC as the sole
producers of IL-12/23 and TNF-a in response to PRV in the PBMC population, as our assays

FIG 7 Deletion of the gE/gI genes results in significantly reduced production of noninfectious L-
particles in PRV-infected ST cells at 12 hpi. Quantification of the L-to-H-particle ratios as determined
by electron microscopy of ST cells 12 h after inoculation with WT PRV strain Becker or its isogenic
US2null, gE/gInull, or US9null mutant strain are shown. Significantly different conditions are marked
with different letters.
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employed pDC-enriched PBMC, which are to a substantial extent depleted of monocytes, a
cell population known to also produce these cytokines upon stimulation (55).

Our observations here are in line with previous results regarding the cytokine
response to Bartha PRV in mice. Laval and colleagues demonstrated that Bartha PRV,
but not Becker WT PRV, induces high IFN-b titers at early time points of infection in
mice (56). Moreover, it was established that one of the main reasons for mice succumb-
ing to WT PRV infection is severe systemic inflammation marked by the strong upregu-
lation of IL-6 and granulocyte colony-stimulating factor (G-CSF), which was not
observed during Bartha infection (57). This matches our observations here as Bartha-
infected cells triggered pDC to produce large quantities of several immunostimulatory
cytokines but not IL-6.

Although it is known that Bartha PRV has been generated by serial passaging in cell
culture, details regarding the origin, passaging method, or utilized cell line(s) are
unclear (5). Our results contribute to the idea that the method for the generation of
the Bartha vaccine strain has resulted in the impaired ability of the virus to suppress
the production and antiviral activities of type I interferon. Indeed, brain tissue of
Bartha-infected rats shows a strong upregulation of interferon-induced genes (58), and
Bartha-infected rat fibroblasts have an enhanced sensitivity to type I interferon com-
pared to WT PRV due to reduced interference with STAT1 phosphorylation (59). Our
current data add to this idea and suggest that cell culture passage of the virus, in the
absence of immune effectors like pDC, may have resulted in an evolutionary path to-
ward decreased production of extracellular noninfectious L-particles that may suppress
the immune response and increased extracellular production of bona fide virions (H-
particles), which is associated with increased pDC activation. In line with this, we
showed recently that the presence of L-particles suppresses the ability of PRV to acti-
vate pDC (37).

Using isogenic knockout mutants, we found that both US2 and gE/gI regulate
extracellular viral titers by suppressing H-particle formation. In accordance, it was dem-
onstrated previously that the deletion of gE provides a growth advantage for PRV in
chicken embryo fibroblast (CEF) cells but not rabbit kidney (RK) cells (13, 51). It is likely
that the advantages of gE deletion with regard to virus growth in cell culture may
depend on the cell type and host species. Such differences may explain why the dele-
tion of gE/gI from the PRV genome did not lead to higher extracellular viral titers in
hamster BHK21 cells (60–63), and in contrast to our data here, Bartha was found to dis-
play impaired virus release in RK cells (25, 52, 64, 65).

For HSV-1, gE has been reported previously to play a pivotal role in the sorting and
release of nascent virus in polarized epithelial cells (66, 67). Under these circumstances,
gE drives the transport of newly assembled viral particles to the basolateral cell junc-
tions. In the absence of gE, basolateral sorting is abrogated, and nascent virions are
predominantly transported to the apical side in the supernatant. As a result, extracellu-
lar viral titers of HSV-1 gEnull have been observed to increase faster than those of WT
HSV-1 (66). In addition, others also observed the enhanced release of HSV-1 gEnull viri-
ons in nonpolarized Vero cells (68, 69). Our current data indicate that the increased
production of cell-free virus by infected epithelial cells in the absence of gE is con-
served in different alphaherpesviruses, including HSV-1 and PRV.

Although until recently, US2 deletion had not been formally correlated with the
increased production of cell-free virus, curiously, several indications for such a correla-
tion can be found in the literature, where the data shown indicated that US2null virus
displayed increased production of cell-free infectious virus without formally noting this
observation (15, 29, 30). Only recently was it reported that the deletion of US2 resulted
in increased virus titers (and increased viral genome production) at the early stages of
infection in primary porcine cerebral cortex tissue (70). In any case, different independ-
ent studies suggest that the deletion of US2 (and gE) may have a beneficial effect on
virus growth in cell culture. For example, in addition to Bartha PRV, the attenuated BUK
strain, which was also obtained by serial passaging (49, 50), harbors a similar large US
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deletion that also affects US2 and gE, in combination with US9 (47, 51). In line with our
data on the Bartha strain, we observed that the BUK strain also displayed increased
production of extracellular infectious virus early in infection and triggered increased
IFN-a production by pDC, compared to WT PRV (Fig. 6A and B). Moreover, serial pas-
saging of the recent virulent Chinese PRV strain JS-2012 on Vero cells similarly resulted
in the deletion of US2 together with gE and US9. Interestingly, in line with the current
results, the passage mutant JS-2012-F120 exhibited increased viral titers in the cell su-
pernatant compared to the parental strain (71). Finally, independent serial passaging
of PRV UL31null and UL34null mutants in order to regain replication competence also
resulted in US2 deletion in both strains (72). In the former, US9, gE, and gI were also
removed, while in the latter, the gI gene was deleted in addition to US2. Clearly, there
appears to be a strong growth advantage for US2 and gE deletion when growing PRV
in several cell culture systems. Interestingly, US9 often appears to be deleted in con-
junction with gE and US2, yet our data showed no apparent growth advantage in epi-
thelial cell cultures upon deletion. Although speculative at this point, its location
between US8 (gE) and US2 may indicate that the removal of US9 could be a bystander
deletion. While this deletion does not appear to have any particular advantage or dis-
advantage with regard to virus growth in epithelial cell cultures, neuronal anterograde
transport of a US9null virus is abolished, thereby leading to severe attenuation in vivo
(73, 74).

How the deletion of gE/gI leads to a decrease in L-particle formation remains to be
investigated. Previous research has indicated that the cytoplasmic domain of gE that
interacts with several tegument proteins (22, 23, 75) is a crucial component of the pro-
tein-protein interaction spectrum that leads to virus budding at membranes derived
from the trans-Golgi network and is also involved in creating L-particles.

It is curious that PRV strains that are passaged through cell cultures tend to
favor mutations that lead to the rapid production of extracellular virions, as this is
in contrast to one of the main in vivo characteristics of alphaherpesviruses, i.e.,
their nature as cell-associated viruses that are highly proficient in cell-to-cell
spread (1, 76, 77). The latter includes a variety of mechanisms of intercellular
spread, including via cell-cell fusion (78), tunneling nanotubes (79), or intercellular
junctions (66). As a result of cell-associated spread, herpesviruses are thought to
evade a variety of immune responses, including opsonizing antibodies, comple-
ment factors, and immune cells (80, 81). During passaging in cell culture, the ac-
quisition of mutations promoting the rapid release of viral progeny may allow
these virions to (more rapidly) infect naive cells at greater distances in the cell cul-
ture than through classical cell-cell spread, thereby likely outcompeting ancestral
strains. Although speculative at this point, as a consequence, progeny virus may
simultaneously and gradually lose immune evasion mechanisms, which may, in
turn, contribute to the potent antiviral responses elicited by cell culture-passaged
attenuated PRV strains like the Bartha or BUK strain (5, 49). With the current study,
we propose that the deletion of US2 and/or gE/gI provides an advantage to PRV
with regard to the efficient production of cell-free virus in cell culture and that
this comes at the expense of eliciting an increased antiviral response by pDC.

MATERIALS ANDMETHODS
Cells and viruses. Swine testis (ST) cells were cultured in minimum essential medium (MEM) with

10% fetal calf serum (FCS), 1 mM sodium pyruvate, and antibiotics (100 U/mL penicillin, 0.1 mg/mL
streptomycin, and 0.05 mg/mL gentamicin) (all from Life Technologies). Primary porcine kidney (PK) cells
were cultured in MEM with 10% FCS, 2 mM L-glutamine, 0.5% (wt/vol) lactalbumin lysate (BD), and anti-
biotics. All PBMC-derived populations were cultured in pDC medium, containing RPMI 1640 (Life
Technologies) with 10% FCS, 2 mM L-glutamine, 1 mM sodium pyruvate, 1 mM nonessential amino acids,
20mM b-mercaptoethanol (Sigma), and antibiotics.

All viruses utilized in the current study have been described previously: Becker WT (82), Kaplan WT
(83), Bartha (5), PRV158 (Bartha with the large US deletion repaired) (84), BaBe (Becker with the large
Bartha US deletion introduced) (14), PRV99 (isogenic gE- and gI-deleted Becker) (20), PRV161 (isogenic
US9-deleted Becker) (16), and PRV174 (isogenic US2-deleted Becker) (29). Becker PRV and the derived
mutant strains, including PRV158, were a kind gift from L. Enquist (Princeton University, USA); Kaplan
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PRV was kindly donated by T. Mettenleiter (Friedrich Loeffler Institut, Germany); and Bartha and BUK PRV
vaccine strains were kindly donated by H. Nauwynck (Ghent University, Belgium).

Antibodies and reagents. Antibodies for flow cytometry and Western blotting against the PRV glyco-
proteins gB (clone 1C11) (monoclonal IgG2a), gD (clone 13D12) (mIgG1), and gE (clone 18E8) (mIgG1) have
been described previously (85). The antibodies against VP5 (clone 3C10) and US3 (clone 8F86) (mIgG1) (86)
were kindly provided by L. Enquist (Princeton University, USA). The polyclonal anti-PRV IE180 serum was a
kind gift from E. Tabares (Universidad Autónoma de Madrid, Spain) (87). Horseradish peroxidase (HRP)-conju-
gated antibodies against tubulin were obtained from Abcam (catalog number Ab40742), and HRP-conjugated
goat anti-mouse IgG was purchased from Dako (catalog number P0447). Alexa Fluor 488-conjugated goat
anti-mouse IgG (catalog number A-11029) was obtained from Life Technologies, and propidium iodide (PI)
was purchased from Invitrogen (catalog number P3566). For magnetically activated cell sorting (MACS) and
fluorescence-activated cell sorting (FACS), antibodies directed against CD4 (clone 74-12-4) (mIgG2b) (88) and
CD172a (clone 74-33-15) (mIgG1) (88) were utilized and were kindly donated by A. Saalmüller (University of
Vienna, Austria), and the mouse anti-CD14 antibodies (clone MIL-2) (mIgG2b) (89) were a kind gift from K.
Haverson (Bristol University, UK). Alexa Fluor 647-labeled goat anti-mouse IgG1 (catalog number A21240),
Alexa Fluor 488-conjugated goat anti-mouse IgG1 (catalog number A21121), phycoerythrin (PE)-labeled strep-
tavidin (catalog number SA10041), and Sytox blue live/dead marker (catalog number S34857) were purchased
from Life Technologies. MACS anti-mouse IgG (catalog number 130-048-401) and anti-mouse IgG1 microbe-
ads (catalog number 130-047-101) were purchased from Miltenyi Biotec. For enzyme-linked immunosorbent
assays (ELISAs), the porcine IFN-a antibodies F17 and K9 (both mIgG1) were a kind gift from B. Charley (INRA,
France) (90). Recombinant porcine IFN-a was obtained from PBL Assay Science (catalog number 17105-1),
streptavidin-HRP was obtained from Thermo Scientific (catalog number N100), bovine serum
albumin (BSA) (fraction V) was obtained from Sigma-Aldrich (catalog number 1120180100), and 3,39,5,59-
tetramethylbenzidine one-component substrate was obtained from Bethyl Laboratories (catalog number
E102). Antibodies against CD4 and IFN-a (K9) were biotinylated using EZ-Link sulfo-N-hydroxysulfosuccini-
mide-biotin (sulfo-NHS-biotin, Life Technologies) according to the manufacturer’s instructions. The type A
CpG D32 (91) was synthesized by Integrated DNA Technologies.

PBMC isolation, pDC enrichment, and purification. Porcine PBMC isolation, pDC enrichment, puri-
fication, and depletion were performed as described previously (37).

Primary PK cell isolation. Primary porcine kidney cells were isolated as described previously (92).
Interferon assays. For IFN assays including infected ST or primary PK cells, cells were mock infected

or infected with PRV (multiplicity of infection [MOI] of 10) for 2 h in MEM at 37°C, and 2 h later, cells
were washed three times with MEM, followed by the addition of pDC medium. If appropriate, a positive-
control condition including 10 mg/mL CpG ODN D32 was included. Unless mentioned otherwise,
800,000 pDC-enriched PBMC per mL were added for 22 h, after which the supernatant was collected
and stored at 280°C until further analysis. For IFN assays without infected ST cells, i.e., cell-free assays,
ST cells were mock infected or infected with PRV (MOI of 10) for 2 h in MEM at 37°C, and 2 h later, cells
were washed three times with MEM, followed by the addition of pDC medium. The supernatant contain-
ing the extracellular virions was collected at the indicated time points, centrifuged for 10 min at 1,000 �
g, and added at 1:2 to 800,000 pDC-enriched PBMC per mL for 22 h, after which the supernatant was col-
lected and stored at 280°C until further analysis.

Ultracentrifugation. For the linear density purification of infectious Bartha and Kaplan virions, ultra-
centrifugation assays were performed as described previously (37). Briefly, 175-cm2

flasks with confluent
ST cells were inoculated with WT Kaplan or Bartha PRV (MOI of 10) in MEM at 37°C. At 2 hpi, virions that
did not enter into a host cell (nonentered virions) were inactivated by citrate treatment for 2 min
(40 mM sodium citrate, 10 mM KCl, 135 mM NaCl [pH 3]), after which the cells were washed two times
and overlaid with ST medium. The supernatant was collected at 24 hpi, and cell debris was removed by
centrifugation for 10 min at 1,000 � g and a 0.45-mm filtration step. Virions were pelleted for 1 h at
20,000 � g using a type 35 rotor (Beckman Coulter), resuspended in phosphate-buffered saline (PBS),
briefly sonicated, carefully layered onto a 30 to 10% iodixanol (Sigma) gradient, and centrifuged for 2 h
at 68,400 � g in an SW41-Ti rotor (Beckman Coulter). The bands containing the infectious virions were
collected, aliquoted, and stored at 280°C until further use. For the depletion of infectious Bartha or
Kaplan virions, ST cells were infected analogously, and the supernatant was collected at 8 hpi, after
which it was centrifuged for 10 min at 1,000 � g to remove cell debris and virions were subsequently
removed by centrifugation for 3 h at 100,000 � g using an SW41-Ti rotor (Beckman Coulter).

ELISA. The porcine IFN-a titers were determined by an ELISA as described previously (37). Quantification
of porcine IL-6, IL-12/23 p40, and TNF-a was performed with the appropriate DuoSet ELISA kit according to
the manufacturer’s instructions (catalog numbers DY686, DY912, and DY690B, respectively; R&D).

Plaque size determination. ST cells were infected (MOI of 0.001) for 2 h in MEM at 37°C, after which
nonentered virions were inactivated with citrate buffer for 2 min (40 mM sodium citrate, 10 mM KCl,
135 mM NaCl [pH 3]). Cells were subsequently washed and overlaid with ST medium containing 1% car-
boxymethyl cellulose to prevent secondary plaques. At 24 hpi, cells were fixed with 3% paraformalde-
hyde in PBS and permeabilized with 0.1% Triton X-100, and infected cells were visualized by staining the
viral proteins gB and gD. Plaques were determined by fluorescence microscopy (Leica), and sizes were
calculated with FIJI ImageJ.

Flow cytometry. Confluent ST cells were mock or PRV infected (MOI of 10) for 2 h in MEM at 37°C, af-
ter which the virus inoculum was removed, and cells were washed three times and overlaid with ST me-
dium. ST cells were detached at 24 hpi with Accutase (BioLegend) and stained for gB and gE. Briefly, cells
were incubated with primary antibodies for 30 min at 4°C, washed three times, incubated for 30 min at
4°C with secondary antibodies and PI (1/1,000), and analyzed by flow cytometry (Novocyte; ACEA).
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Western blot analysis. ST cells were mock or PRV infected (MOI of 10) in MEM at 37°C; at 2 hpi,
the virus inoculum was removed; and the cells were washed and overlaid with ST medium. Cells
were detached at 4, 8, and 12 hpi by scraping; collected; centrifuged; washed in PBS; and lysed in
radioimmunoprecipitation assay (RIPA) lysis buffer (Abcam) plus a protease inhibitor cocktail
(Sigma-Aldrich). Nuclei were removed by spinning at 10,000 � g for 10 min at 4°C, after which pro-
tein concentrations in the supernatant were determined using the Pierce bicinchoninic acid (BCA)
kit according to the manufacturer’s instructions (Thermo Fisher). Samples were heated for 5 min at
95°C in SDS-PAGE loading buffer with or without b-mercaptoethanol, and 20 mg protein was sepa-
rated on 10% polyacrylamide gels by SDS-PAGE. Separated proteins were blotted onto a Hybond-P
polyvinylidene difluoride (PVDF) membrane (GE Healthcare) and incubated in blocking buffer (PBS
containing 5% milk powder [Nestlé] and 0.1% Tween 20 [Sigma-Aldrich]) for 1 h at room tempera-
ture. Blots were subsequently incubated with primary antibodies overnight in blocking buffer at
4°C, washed in PBS plus 0.1% Tween 20, and incubated with HRP-labeled secondary antibodies in
blocking buffer for 1 h at room temperature. Blots were developed using chemiluminescence (GE
Healthcare).

PRV genome quantification. ST cells were PRV infected (MOI of 10) for 2 h in MEM at 37°C, after
which nonentered virions were inactivated with citrate buffer for 2 min (40 mM sodium citrate, 10 mM
KCl, 135 mM NaCl [pH 3]). Cells were subsequently washed and overlaid with ST medium. Infected cells
were detached by scraping and washed in PBS, and the DNA was extracted using the DNeasy minikit
according to the manufacturer’s instructions (Qiagen). qPCR amplifications were carried out with SYBR
green PCR master mix (Thermo Fisher) according to the manufacturer’s instructions. Primers were tar-
geted against the viral US3 gene (forward primer 59-GACGGGGGGTTTCCTGATTTA and reverse primer
59-GTATCTCATCAGCGGAAGGGC) and the porcine beta-2-microglobulin gene as a normalization con-
trol (forward primer 59-AAACGGAAAGCCAAATTACC and reverse primer 59-ATCCACAGCGTTAGGAG
TGA). To eliminate bias caused by the template, amplification efficiencies of the US3 primer set were
verified against a 10-fold serial dilution of the Bartha and Kaplan template. Calibrated normalized rela-
tive genome copy numbers were calculated according to the method described previously by
Hellemans et al. (93).

Single-step growth curve. ST cells were PRV infected (MOI of 10) for 2 h in MEM at 37°C, after which
nonentered virions were inactivated with citrate buffer for 2 min (40 mM sodium citrate, 10 mM KCl,
135 mM NaCl [pH 3]). Cells were subsequently washed and overlaid with ST medium. For the extracellu-
lar virion titers, the supernatant was collected, centrifuged for 10 min at 1,000 � g, and stored at 280°C
until titration. Next, the intracellular virions were collected by scraping the infected cells into fresh me-
dium, pelleted by centrifugation, and resuspended in cold citrate buffer for 2 min, after which cold RPMI
1640 medium was added to neutralize the acidic pH. The cells were washed and frozen in volumes equal
to those used for the extracellular titers. Intracellular virus was released by three 280°C freeze-thaw
cycles and subsequently titrated.

Viral titer determination. The virus supernatant was serially 10-fold diluted in ST medium and
overlaid onto confluent ST cells for 1 h. Subsequently, ST medium was added, and cells were incu-
bated for 7 days at 37°C. Virus titers were calculated and expressed as 50% tissue culture infectious
doses (TCID50).

Transmission electron microscopy. ST cells were PRV infected (MOI of 10) for 2 h in MEM at 37°C,
and 2 h later, cells were washed three times with prewarmed MEM and overlaid with prewarmed ST me-
dium. At the indicated time points, infected cells were prepared for and analyzed by TEM, using a JEOL
JEM-1400 Plus transmission electron microscope, as described previously (79). H-particles and L-particles
were determined, and ratios were calculated. At least 500 viral particles were counted in a total of 16 to
18 different pictures for each strain at each time point.

Statistical analysis. Statistical analysis was performed using GraphPad Prism. IFN-a data were ana-
lyzed using Student’s t test or repeated-measures analysis of variance (ANOVA) at the 5% significance
level. For the latter, post hoc comparisons between different conditions were performed by Tukey’s
range test. Log10-transformed virus titers were analyzed using Student’s t test or ANOVA at the 5% signif-
icance level. When appropriate, the Holm-Sidak method was used to correct for multiple comparisons.
ANOVA post hoc comparisons were performed using Tukey’s range test.
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