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ABSTRACT Plasmacytoid dendritic cells (pDC) play a central role in the antiviral im-
mune response, both in the innate response and in shaping the adaptive response,
mainly because of their ability to produce massive amounts of type I interferon (TI-
IFN). Here, we report that cells infected with the live attenuated Bartha vaccine
strain of porcine alphaherpesvirus pseudorabies virus (PRV) trigger a dramatically in-
creased TI-IFN response by porcine primary pDC compared to cells infected with
wild-type PRV strains (Becker and Kaplan). Since Bartha is one of the relatively few
examples of a highly successful alphaherpesvirus vaccine, identification of factors
that may contribute to its efficacy may provide insights for the rational design of
other alphaherpesvirus vaccines. The Bartha vaccine genome displays several muta-
tions compared to the genome of wild-type PRV strains, including a large deletion in
the unique short (US) region, encompassing the glycoprotein E (gE), gI, US9, and
US2 genes. Using recombinant PRV Becker strains harboring the entire Bartha US de-
letion or single mutations in the four affected US genes, we demonstrate that the
absence of the viral gE/gI complex contributes to the observed increased IFN-� re-
sponse. Furthermore, we show that the absence of gE leads to an enhanced extra-
cellular signal-regulated kinase 1/2 (ERK1/2) phosphorylation in pDC, which corre-
lates with a higher TI-IFN production by pDC. In conclusion, the PRV Bartha vaccine
strain triggers strongly increased TI-IFN production by porcine pDC. Our data further
indicate that the gE/gI glycoprotein complex suppresses TI-IFN production by pDC,
which represents the first alphaherpesvirus factor that suppresses pDC activity.

IMPORTANCE Several alphaherpesviruses, including herpes simpex virus, still lack ef-
fective vaccines. However, the highly successful Bartha vaccine has contributed sub-
stantially to eradication of the porcine alphaherpesvirus pseudorabies virus (PRV) in
several countries. The impact of Bartha on the immune response is still poorly un-
derstood. Type I interferon (TI-IFN)-producing plasmacytoid dendritic cells (pDC) may
play an important role in vaccine development. Here, we show that Bartha elicits a
dramatically increased type I interferon (TI-IFN) response in primary porcine pDC
compared to wild-type strains. In addition, we found that the gE/gI complex, which
is absent in Bartha, inhibits the pDC TI-IFN response. This is the first description of
an immune cell type that is differentially affected by Bartha versus wild-type PRV
and is the first report describing an alphaherpesvirus protein that inhibits the TI-IFN
response by pDC. These data may therefore contribute to the rational design of
other alphaherpesvirus vaccines.
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Pseudorabies virus (PRV) is a member of the Alphaherpesvirinae, which can cause
severe respiratory, neurological, and reproductive disorders in pigs. PRV is also an

excellent model to study general aspects of alphaherpesvirus biology (1).
Bartha is an attenuated PRV vaccine strain, derived from a field strain that was

isolated in Hungary and that was attenuated via multiple passages on cultured chicken
cells and embryo’s (2), resulting in several mutations (3). The most striking feature in the
Bartha genome is a 3-kb deletion in the unique short (US) region, resulting in the partial
loss of US2, most of US7 (gI), and complete deletion of US8 (gE) and US9. Although the
Bartha vaccine has been highly successful and is well characterized with regard to its
reduced neuropathogenesis (1, 3), relatively little is known on the effect of Bartha on
the immune system. A better understanding of the unique aspects of the Bartha
vaccine that may contribute to its efficacy can provide valuable insights for important
alphaherpesviruses that still lack effective vaccines, including herpes simplex virus
(HSV) (4–6).

Plasmacytoid dendritic cells (pDC) are a small subpopulation of dendritic cells
constituting approximately 0.1% of the total porcine peripheral blood mononuclear
cells (PBMC) and are specialized in producing large amounts of type I interferon (TI-IFN).
Indeed, pDC produce up to 1,000-fold more TI-IFN than any other cell type (7) and
therefore play a crucial role in controlling viral infections. TI-IFN interferes at several
stages with the viral replication cycle through the JAK/STAT signaling pathway and
thereby limits further spread of the virus through the body. In addition, TI-IFN activates
several components of the immune system, including conventional dendritic cells
(cDC), NK cells, T cells, and B cells (8). Due to their direct and indirect antiviral effects
and their ability to steer the immune response toward an antiviral modus, which all
mainly rely on their TI-IFN-producing capacities, interest is growing in the potential role
of targeting pDC for vaccination against various (viral) infectious diseases (9–11).

Therefore, in the present report, we investigated the potential of PRV Bartha-
infected cells to stimulate TI-IFN production by porcine pDC compared to cells infected
with virulent PRV strains. Interestingly, we found that Bartha elicited a dramatically
increased TI-IFN response by pDC. Importantly, the absence of the glycoprotein gE/gI
complex in the genome of Bartha partly explains this increased TI-IFN response by pDC.
In addition, we show that gE modulates extracellular signal-regulated kinase 1/2
(ERK1/2) phosphorylation in pDC and that this correlates with its suppressive effect on
TI-IFN production by pDC.

RESULTS
Efficiency of pDC enrichment and purification. Porcine plasmacytoid dendritic

cells (pDC) represent 0.1 to 0.2% of the total PBMC population (Fig. 1A) (12) and are
characterized by their low CD172a and high CD4 surface expression. Studies addressing
porcine pDC activity typically make use of CD14-depleted and/or CD172a-selected
pDC-enriched PBMC populations (7, 12–14). In line with this, we found that depletion
of monocytes (CD14� fraction) followed by enrichment of the myeloid cell population
(CD172a� fraction) resulted in a 20- to 30-fold increase in pDC, leading to a population
with 2 to 6% pDC (Fig. 1B). The use of pDC-enriched populations to analyze the
TI-IFN-producing capacity of pDC is widely established. However, to make sure that the
observed results were specifically due to differences in activity of pDC, we have
validated some of our results with fluorescence-activated cell sorter (FACS) purity-
sorted pDC. These were derived from the pDC-enriched population based on their
CD4high CD172adim expression, resulting in �96% pure pDC populations (Fig. 1C).

PRV Bartha triggers strongly increased IFN production by pDC compared to
wild-type (WT) PRV strains. The PRV vaccine strain and two WT PRV strains were
tested for their capacity to activate pDC.

Figure 2A shows that whereas mock-infected swine testicle (ST) cells did not trigger
detectable IFN-� responses by pDC (below the limit of detection of 10 U/ml IFN-�), ST
cells infected with WT PRV strains Becker (588 � 154 U/ml IFN-�) and Kaplan (326 � 9
U/ml IFN-�) induced substantial IFN-� production by pDC. Interestingly, however,
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Bartha-infected cells elicited a much stronger IFN-� response by pDC (3,480 � 602 U/ml
IFN-�) compared to the WT PRV strains (P � 10�4). Repeating the same experiments
without pDC always resulted in IFN-� levels that were close to or below the detection
limit (data not shown), indicating that the infected ST cells produce very little IFN-� and
that the observed IFN-� responses were derived from the pDC. In addition, the
observed differences between Bartha and wild-type strains were not due to differences
in viral replication between the virus strains, since Western blot analysis revealed no
obvious differences in viral protein expression in infected ST cells (Fig. 2B).

To determine whether pDC are susceptible to PRV infection, Becker and Bartha PRV
strains (PRV 151 and PRV 152) that express green fluorescent protein (GFP) under the
control of a constitutive cytomegalovirus (CMV) promoter were used (15, 16). The
experimental setup for these assays was similar to the experimental setup to determine
pDC-mediated IFN-� responses. In brief, ST cells were infected with PRV 151 or 152,

FIG 1 Enrichment and purification of porcine plasmacytoid dendritic cells (pDC). Porcine PBMC were stained for CD4 and CD172a and analyzed by flow
cytometry. Porcine pDC (red) are characterized by their high CD4 and low CD172a expression. Freshly isolated PBMC contain 0.1 to 0.2% pDC (A). Depletion
of monocytes (CD14�) followed by enrichment of myeloid cells (CD172a�) by MACS leads to a 20- to 30-fold enrichment in pDC (2 to 5% pDC) (B). Subsequent
sorting by FACS leads to highly pure pDC populations (�96%) (C).

FIG 2 The PRV vaccine strain Bartha triggers increased IFN-� production by pDC. ST cells were
infected with virulent (PRV Becker or Kaplan) or attenuated (Bartha) strains of PRV and subsequently
(at 2 hpi) coincubated with freshly isolated enriched pDC populations. Supernatants were collected
at 24 hpi, and concentrations of IFN-� were determined by ELISA. The data shown represent the
average IFN-� production � standard error of the mean (SEM) obtained from 4 different pigs. PRV
Bartha elicits a 5- to 10-fold-higher IFN production by pDC compared to the wild-type PRV strains
(A). Lysates of infected ST cells were harvested at 24 hpi. Western blot analysis is shown using
antibodies against viral gB (infection control [100 kDa]) and �-tubulin (loading control [57 kDa]) (B).
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the inoculum was removed at 2 h postinfection (hpi), and pDC were added. At 24 hpi,
pDC were collected and analyzed by flow cytometry for GFP expression. As a positive
control, monocytes, which have been shown before to be susceptible to PRV infection
(17), were used in the same experimental setup. Flow cytometry results are shown in
Fig. 3. As a negative control, pDC and monocytes were coincubated with noninfected
ST cells, which as expected, did not trigger a GFP signal (Fig 3A and D). Furthermore as
expected, monocytes incubated with PRV 151- or PRV 152-infected ST cells did show
GFP expression (3B and C). However, pDC incubated with Becker- or Bartha-infected ST
cells did not show obvious GFP expression (Fig. 3E and F).

Moreover, we found that PRV strains lacking viral proteins that are essential for host
cell infection (ΔgB, ΔgD, ΔgH, and ΔgL PRV) also induce adequate IFN-� responses,
further supporting the statement that infection is not required for pDC-mediated IFN-�
production in response to PRV (data not shown).

The absence of gE/gI contributes to the hyperactivating effect of PRV Bartha
on pDC. Next, we tested whether the large genomic deletion in the US region of the
Bartha vaccine strain is involved in the massively increased IFN-� response by pDC. To
this end, ST cells were infected with Becker or Becker mutant strains with mutations
that correspond to parts of the deletion that affects 4 genes in the US region.
Becker-derived strain BaBe contains the same deletion in the US region as Bartha
(affecting US2, US7 [gI], US8 [gE], and US9), while the other viruses each lack expression
of one of the four respective proteins. Figure 4A displays the IFN-� production
observed for these different strains and shows that the Bartha deletion region indeed
significantly influences pDC activity (strain BaBe triggers a statistically significant 2- to
4-fold increase in IFN-� production compared to WT Becker), although this strain did
not induce IFN-levels comparable to the Bartha vaccine strain (Fig. 2A). Of the 4 genes
affected by the US deletion, individual deletions in US7 (gI) and US8 (gE) resulted in a
significantly increased IFN-� production (analysis of variance [ANOVA] with Tukey’s post
hoc comparison; P � 0.05) that was comparable to the increase observed with PRV
BaBe, while deletions in US2 and US9 did not significantly affect IFN-� levels. To
increase the biological significance of these data, the experiments with the different
isogenic strains were repeated with pDC-enriched populations derived from 8 different
pigs. Performing experiments in 8 biologically independent pigs invariably leads to
natural pig-to-pig variability in terms of TI-IFN production by pDC. This has been shown
before by other groups working with porcine pDC (18, 19). To reduce this variability,
IFN-� levels were set relative to the IFN-� response observed with wild-type PRV Becker
(set to 1.00). The corresponding data are shown in Fig. 4B and confirm the data from

FIG 3 pDC are not obviously permissive to PRV infection. ST cells were either mock infected (A and D) or infected with PRV
Becker (B and E) or PRV Bartha (C and F) strains that express GFP. At 2 hpi, the inoculum was removed, and freshly isolated
monocytes (A to C) or pDC (D to F) were added. At 24 hpi, GFP expression in myeloid cells was analyzed by flow cytometry.
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Fig. 4A. Western blot analysis revealed no obvious differences in viral protein expres-
sion in infected ST cells between the isogenic mutants (Fig. 4C and D).

In conclusion, these data show that the US deletion contributes partially to the
hyperactivating effect of PRV Bartha on pDC and that this can be attributed to the
deletion of the gE/gI complex.

The TI-IFN-inducing effect of Bartha and �gE PRV is also observed in purified
pDC populations. The enriched pDC populations still contain a large amount of
non-pDC (among others, T and B cells). Although control experiments showed that
none of these other populations triggered substantial TI-IFN responses upon contact
with PRV/Bartha-infected cells (data not shown), to ensure that the observed effects
were specifically due to differences in pDC activity, we repeated some experiments
using FACS-sorted pDC. For these experiments, equal numbers of pDC (1,840 cells/
condition) were added to the infected ST cells as the numbers of pDC present in the
enriched magnetically activated cell sorting (MACS)-derived population (80,000 cells
containing 2.3% pDC). TI-IFN data obtained using purified pDC populations were
strikingly similar to the data obtained with pDC-enriched populations (Fig. 5), which
shows that the observed TI-IFN responses are specifically derived from the pDC
population and are a consequence of direct activation of pDC without the need for
other leukocytes and/or the cytokines that they produce.

gE modulates ERK1/2 activity in pDC, which correlates with its ability to
suppress TI-IFN production by pDC. The above data indicate that expression of gE in
PRV-infected cells suppresses the TI-IFN response by pDC. We found earlier that PRV gE
modulates phosphorylation of the ERK1/2 signaling molecule in different cell types,
including primary isolated porcine T cells, Jurkat cells, and epithelial PK-15 cells (20, 21).
Since in human pDC, increased ERK1/2 activation has been linked with increased TI-IFN
production (22), we investigated whether gE modulates ERK1/2 phosphorylation in pDC
and whether this correlates with its ability to suppress TI-IFN production by these cells.

To determine an accurate time point for analysis of ERK1/2 phosphorylation, the
kinetics of TI-IFN production by pDC upon contact with PRV-infected ST cells were

FIG 4 Effect of the Bartha US deletion on IFN-� production by pDC. At 2 hpi, ST cells infected with different isogenic
PRV mutants were coincubated for 22 h with MACS-enriched pDC, and IFN-� levels in the supernatant were
determined by ELISA. BaBe is a Becker strain that lacks the same 3-kb US region that is absent in PRV Bartha. The
other strains lack expression of any of the 4 individual genes affected by the US deletion in Bartha (US2, US7, US8,
and US9). Bars represent the means � SEM from triplicate independent assays from 1 pig. Significant differences
in IFN-� responses by pDC compared to the WT Becker strain are indicated (*) (A). Using the same experimental
setup as in panel A, data were generated from 8 different pigs. The data shown represent the mean � SEM fold
change in IFN-� production by pDC for each strain relatively to the IFN-� production observed using wild-type Be
(set to 1.0). Significant differences in IFN-� responses by pDC compared to the WT Becker strain are indicated (*)
(B). Lysates of infected ST cells were harvested at 12 hpi (C) or 24 hpi (D) and subjected to Western blot analysis
for viral protein gB (infection control [100 kDa]) and �-tubulin (loading control [57 kDa]).
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determined. To this end, enriched pDC populations were cocultured with infected ST
cells (mock infected or infected with Bartha, Becker, or ΔgE Becker) as described before,
and supernatant was collected at different time points. IFN-� levels were determined by
enzyme-linked immunosorbent assay (ELISA) and are shown in Fig. 6A. In line with our
previous results, ST cells infected with PRV Becker triggered substantial TI-IFN by pDC,
but ΔgE Becker and particularly Bartha induced much stronger TI-IFN responses. A clear
difference in TI-IFN production between wild-type and ΔgE PRV could be observed at

FIG 5 The interferon production profiles of enriched and purified pDC populations are highly similar. ST
cells were infected with Becker WT, Becker ΔgE, or the vaccine strain Bartha and subsequently coincu-
bated (at 2 hpi) with freshly isolated enriched (MACS) or purity-sorted (FACS) pDC populations. Super-
natant was collected at 24 hpi, and levels of IFN-� were determined by ELISA. Bars represent the mean �
standard deviation (SD) of duplicates from 1 pig.

FIG 6 PRV gE suppresses ERK1/2 phosphorylation in pDC and increased ERK1/2 phosphorylation in pDC by
ΔgE PRV correlates with increased IFN-� production. Enriched (MACS) pDC populations were coincubated
with ST cells that were mock infected or infected with PRV (wild-type PRV, ΔgE PRV, or Bartha). Supernatants
were collected at regular time points, and IFN-� levels were determined by ELISA (A). ST cells were either
mock infected, infected with the Becker WT (Be WT) or Becker ΔgE (Be ΔgE) strain and subsequently
coincubated (2 hpi) with freshly purity-sorted pDC populations. At 14 hpi, pDC were harvested, fixed,
permeabilized, and stained for ERK1/2 phosphorylation (p-Erk). An overlay of the fluorescence intensity
(mean fluorescence intensity [MFI]) of the different samples (open histograms) and isotype controls (shaded
histogram) of one representative pig shows enhanced ERK1/2 phosphorylation in pDC stimulated by Becker
ΔgE-infected cells, compared to Becker WT-infected cells (B). Graphs show MFI values of ERK1/2 phosphor-
ylation relative to the Becker WT (set to 1.0). Data represent the mean � SEM from 4 biologically
independent repeats (C). The ratio of IFN-� production observed using ΔgE PRV versus Becker WT was
plotted against the ratio of ERK1/2 phosphorylation observed using ΔgE PRV versus the Becker WT for 5
different pigs, showing correlation between ERK1/2 phosphorylation in and IFN-� production by pDC (D).
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14 hpi. Therefore, this time point was chosen to assess putative differences in ERK1/2
phosphorylation in pDC via flow cytometry. Figures 6B and C show that pDC showed
a statistically significant increase in ERK1/2 phosphorylation upon contact with ST cells
that were infected with ΔgE Becker compared to ST cells that were infected with
wild-type Becker. In addition, results obtained using purity-sorted pDC populations of
different pigs showed that the increase in ERK1/2 phosphorylation in pDC using ΔgE
Becker compared to wild-type PRV correlates very well with the increase in TI-IFN
production by pDC (Fig. 6D [R2 � 0.88]). This was statistically confirmed by Spearman’s
rank order test (P � 0.05). These data show that gE expression in infected cells
modulates ERK1/2 phosphorylation in pDC and that this modulation correlates with the
ability of gE to suppress TI-IFN production in these cells.

DISCUSSION

In the present study, we found that cells infected with the attenuated PRV vaccine
strain Bartha trigger a much higher TI-IFN production by primary porcine pDC com-
pared to cells infected with the wild-type PRV strains Becker and Kaplan. Using this
finding as a lead, we discovered that the PRV glycoprotein gE/gI complex displays a
previously uncharacterized pDC-suppressing activity.

Although only low numbers of pDC surveil mucosal epithelia in noninfected hosts,
upon infection, many pDC may migrate from the bloodstream toward the infection site
(23–26). There, pDC may get into contact with infected epithelial cells and fibroblasts
(27, 28) and stimulate other components of the immune system (8). The potential of the
attenuated PRV Bartha vaccine strain to induce a strong TI-IFN production by pDC may
contribute to the efficacy of this highly successful vaccine. Indeed, several reports point
to the importance of pDC in vaccine development. For example, the efficacy of the live
attenuated yellow fever vaccine 17D (YF-17D), one of the most effective vaccines ever
generated, has been shown to rely heavily on its ability to activate dendritic cell
subsets, including pDC (9). Furthermore, imiquimod (a Toll-like receptor 7 [TLR7]
agonist) and CpG-rich DNA (TLR9 agonist), which both stimulate TI-IFN production by
pDC, represent successful adjuvants in numerous vaccines toward different types of
cancer (e.g., melanoma) and infectious disease (e.g., malaria, hepatitis B, influenza, and
anthrax) (29). In line with this, depletion of pDC in mice resulted in a lowered activity
of the adjuvant polyUs21, a TLR7 agonist (30). Of particular interest, CpG is being used
in the development of promising new vaccines against HSV-2 (5). Our current findings
may contribute to the effective priming of pDC during vaccination. Indeed, in addition
to the development of adjuvants that trigger a strong pDC response, vaccine strains
may be rationally designed to display impaired viral pDC-suppressing mechanisms.

The observation that the attenuated Bartha PRV strain triggers a much stronger
TI-IFN response by pDC compared to WT PRV strains Kaplan and Becker indicates that
wild-type PRV strains encode pDC evasion strategies that are mutated or absent in
Bartha. Although the exact mechanism underlying these pDC evasion strategies re-
mains to be investigated, we have discovered that the glycoprotein complex gE/gI,
which is deleted in the Bartha genome, contributes to pDC evasion.

Our report is the first to identify an alphaherpesvirus protein that suppresses pDC
activity. All tested alphaherpesviruses, including PRV (31), trigger TI-IFN production by
pDC (24). Research has mainly focused on TLR9-dependent (and -independent)
herpesvirus-mediated activation of pDC, but much less on potential pDC evasion (32).
Nevertheless, one report indicates that human pDC may be inactivated by varicella-
zoster virus (VZV), possibly by infection of the pDC (33). However, in line with reports
on HSV and human pDC (34, 35), in our assays porcine pDC appear not to be
susceptible to PRV infection (Fig. 3). Other viruses have been reported to inhibit pDC
activation via different, but often poorly understood mechanisms, including human
viruses such as HIV (36, 37), hepatitis C virus (HCV) (38), respiratory syncytial virus, and
measles virus (39) and porcine viruses such as classical swine fever virus (14) and
porcine reproductive and respiratory syndrome virus (PRRSV) (31). pDC contain several
surface receptors to inhibit the production of TI-IFN, including PTPRS, NKp44, BDCA-2,
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and ILT7 (24, 40–42). The gp120 protein of HIV (BDCA-2), hemagglutinin of human
influenza virus (NKp44), and glycoprotein E2 of HCV (BDCA-2) have been shown to
interact directly with a pDC inhibitory receptor (36, 38, 43).

Our data suggest a mechanism for how the gE/gI protein complex affects the TI-IFN
response by pDC. The gE/gI complex has been reported before to modulate signaling
of the mitogen-activated protein kinase (MAPK) ERK1/2 in different cell types (20, 21).
MAPK signaling, particularly ERK1/2 signaling, plays an important role in IFN-� produc-
tion by human pDC (22, 38, 44, 45). We found that pDC exposed to cells infected with
wild-type PRV showed reduced ERK1/2 phosphorylation compared to pDC exposed to
cells infected with ΔgE PRV. These differences in ERK1/2 phosphorylation correlated
with the observed differences in TI-IFN production and therefore indicate that ERK1/2
signaling also plays a role in TI-IFN responses in porcine pDC. Besides gE, the US2
tegument protein of PRV, which is also absent in Bartha, is also known to interact with
the ERK signaling pathway (20, 21, 46, 47). Although ΔUS2 PRV did not trigger
significantly higher pDC-mediated IFN-� production, results with this strain showed
substantial pig variability (Fig. 4B). Hence, it may be worthwhile to investigate whether,
under certain conditions, US2 may affect pDC activity toward PRV-infected cells: e.g., via
modulation of cell surface presentation of viral proteins/viral particles (46).

Interestingly, in primary porcine T cells and in epithelial cells, PRV gE has been
reported to increase ERK1/2 phosphorylation (20, 21), while our current data indicate
that gE is associated with reduced ERK1/2 phosphorylation in pDC. This suggests that
gE may lead to activation or suppression of the ERK1/2 signaling axis, depending on the
cell type and perhaps other circumstances. Of possible interest in this context is that
different inhibitory receptors on pDC fulfill activating functions on other cell types and
vice versa. For example, NKp44, a potent activating receptor on NK cells, serves as an
inhibitory receptor on pDC (48). Although speculative at this point, it will be interesting
to investigate whether gE may interact with a particular (inhibitory) receptor on pDC to
suppress TI-IFN production. It has been hypothesized before that the ectodomain of the
gE/gI complex may bind a cellular receptor that influences viral virulence (49). Although
the identity of such a putative receptor remains elusive, PRV gE/gI, like HSV gE/gI, has
been reported to bind the Fc domain of IgG antibodies, indicating that it may interact
with immunoglobulin-like protein domains (50, 51). In any way, direct contact between
pDC and epithelial cells appears to be required to trigger the observed (differences in)
pDC-mediated IFN-� production, as experiments that did not allow cell-cell contact
(Transwell assays and the use of supernatant of infected ST cells) did not trigger
substantial pDC-mediated IFN-� production (data not shown).

In conclusion, the present report describes that the highly successful attenuated PRV
vaccine strain Bartha elicits a much more robust TI-IFN response in pDC than WT PRV
strains in vitro. This reveals that WT PRV strains have evolved pDC-suppressing mech-
anisms that are absent from or mutated in Bartha. Our findings point to a role for the
gE/gI glycoprotein complex in suppression of TI-IFN production by pDC. These data
may therefore contribute to the rational design of improved vaccines against other
alphaherpesviruses that lack effective vaccines, including HSV-1 and HSV-2.

MATERIALS AND METHODS
Antibodies and reagents. In house monoclonal mouse antibodies against PRV gB (1C11) and PRV

gD (13D12) were described earlier (52). Mouse anti-CD172a (clone 74-22-15 [53]) and anti-CD4 (clone
74-12-4 [53]) antibodies were a kind gift from A. Saalmüller (University of Vienna, Austria), and mouse
anti-CD14 (MIL-2 [54]) antibodies were kindly donated by K. Haverson (Bristol University, United King-
dom). B. Charley (INRA, France) kindly provided mouse antibodies against porcine IFN-� (clones K9 and
F17 [55]). Rabbit polyclonal antibodies against phospho-ERK (phospho-p44/42 MAPK antibody 9101) and
horseradish peroxidase (HRP)-conjugated anti-�-tubulin antibodies (DM1A-HRP; AB40742) were obtained
from Cell Signaling and Abcam, respectively. Fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse IgG, phycoerythrin (PE)-conjugated goat anti-mouse IgG, and goat anti-mouse IgG1, Alexa Fluor
647-conjugated, goat anti-mouse IgG2b, Alexa Fluor 488-conjugated goat anti-rabbit IgG, the mouse
IgG1 and IgG2b isotype controls PE-conjugated streptavidin, and the LIVE/DEAD stain SytoxBlue were
purchased from Life Technologies. HRP-conjugated goat anti-mouse IgG was obtained from Dako.

Recombinant porcine IFN-� was purchased from R&D Systems and streptavidin-HRP from Thermo
Scientific. Type A CpG oligonucleotide D32 (13) was synthesized by Integrated DNA Technologies. The
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mouse anti-CD4 and anti-IFN-� K9 antibodies were biotinylated using EZ-Link sulfo-NHS-biotin (Life
Technologies) according to the manufacturer’s instructions. 3,3=,5,5=-Tetramethylbenzidine (TMB) one-
component substrate was obtained from Bethyl Laboratories.

Cells and viruses. Epithelial ST cells (56–58) were cultured in Earle’s minimal essential medium with
10% fetal calf serum, 0.3 mg/ml glutamine, 100 U/ml penicillin, 0.1 mg/ml streptomycin, 0.05 mg/ml
gentamicin, and 1 mM sodium pyruvate (Life Technologies). pDC and monocytes were cultured in RPMI
medium (Life Technologies), containing the same supplements plus 1 mM nonessential amino acids and
20 �M �-mercaptoethanol.

All viruses used in the present study have been described before. PRV Bartha is an attenuated vaccine
strain, obtained by extensive passaging of an Aujeszky strain isolated in Hungary (2). PRV Becker is a 1967
field isolate with subsequent laboratory passage in cell culture (59). PRV BaBe is a Becker strain lacking
the same genomic 3-kb deletion in the US region as in Bartha, resulting in the partial deletion of US2 and
US7 (gI) and a complete absence of US8 (gE) and US9 (60). Becker ΔUS2, ΔgI, ΔgE, and ΔUS9 have also
all been described before (60–62). PRV 151 and PRV 152 are Becker and Bartha strains, respectively, that
contain the CMV-enhanced green fluorescent protein (EGFP) reporter gene cassette inserted into the gG
locus of the viral genome (15, 16). PRV strain Becker, its isogenic mutant strains, and PRV 152 were kind
gifts from L. Enquist (Princeton University, USA). PRV Kaplan (63) was a kind gift from T. Mettenleiter
(Friedrich-Loeffler Institute, Germany). All viral stocks were grown and titers determined on monolayers
of ST cells.

Enrichment and purification of pDC. Blood was collected from 2- to 6-month-old pigs, kept at the
Faculty of Veterinary Medicine (Ghent University; EC2013/62) as described before (64). PBMC were
isolated from whole blood using Lymphoprep (1.077 g/liter; Axis-Shield) density gradient. Subsequently,
red blood cells were lysed in Tris-buffered ammonium chloride. Next, PBMC were separated using a
magnetic cell sorting (MACS) system (Miltenyi Biotech). pDC were further enriched as described with
some modifications (12). First, PBMC were depleted of CD14� cells, using anti-mouse IgG microbeads and
an LS column (Miltenyi Biotec), followed by a positive selection for CD172a� cells, using anti-mouse IgG1
microbeads and an LD column (Myltenyi Biotec). The obtained enriched population was used for type I
IFN induction assays.

When specified, pDC were subsequently purity sorted. The enriched population was first incubated
(20 min, 4°C) with anti-CD172a and biotinylated anti-CD4 antibodies (stock, 1 mg/ml; used at 1/300),
washed three times, and incubated (20 min, 4°C) with AF647-conjugated goat anti-mouse IgG1 (used at
1/200) and PE-conjugated streptavidin (used at 1/500). After subsequent incubation with the LIVE/DEAD
stain SytoxBlue (1/1,000), pDC were purity sorted based on CD4�� and CD172adim expression (18) using
a BD FACS Aria III cell sorter (BD Biosciences).

Type I IFN Induction assay. ST cells were inoculated with the respective viruses at a multiplicity of
infection (MOI) of 10 in culture medium. After incubation for 2 h at 37°C, the inoculum was aspirated, and
ST cells were washed three times to remove any cell-free virus. Next, freshly isolated pDC were added
(enriched populations of 400,000 cells/ml and purity-sorted cell populations of 20,000 cells/ml, unless
indicated otherwise). After 22 h of coincubation of pDC with the infected ST cells (at 24 h postinoculation
[hpi]), cell-free supernatants were collected and stored at �80°C. As a positive control for interferon
induction, pDC were incubated for 22 h in the presence of 10 �g/ml CpG D32 (13).

ELISA. The amount of IFN-� secreted in the supernatant was measured by ELISA as described before
with some modifications (65). In brief, ELISA microplates (Maxisorp plates; Thermo Scientific Nunc) were
coated with mouse anti-porcine IFN-� F17 (5 5g/ml in 0.1 M NaHCO3) overnight at room temperature.
The plates were then incubated for 1 h at 37 °C with blocking buffer (phosphate-buffered saline [PBS]
containing 0.05% Tween 20 and 0.5% bovine serum albumin [Merck Millipore]). Samples and standard
(recombinant porcine IFN-�) were diluted in blocking buffer, added to the plates, and incubated for 2.5
h at room temperature. Following incubation with biotinylated mouse anti-porcine IFN-� K9 (1.5 h, room
temperature) and HRP-conjugated streptavidin (1 h, 37°C), TMB was added to the wells. When peroxidase
activity was revealed, 1 M H2SO4 was added to stop the reaction, and absorption (450 nm) was measured
by a SpectraFluor spectrophotometer (Tecan) and analyzed by DeltaSoft JV (DeltaSoft Inc.).

Western blotting. ST cells were collected on ice, washed in TNE buffer (50 mM Tris, 150 mM NaCl,
1 mM EDTA [pH 6.8]), and lysed in TNE lysis buffer (TNE with 10% NP-40 [Roche] and protease inhibitor
cocktail [Sigma-Aldrich]) for 1 h at 4°C as described before (66). Cell lysates were fractionated on a 10%
polyacrylamide gel by SDS-PAGE and then transferred to a Hybond-P polyvinylidene difluoride (PVDF)
membrane (GE Healthcare). After blotting, the membranes were blocked in blocking buffer (5% milk
[Nestli]), 0.1% Tween 20 [Sigma-Aldrich], PBS) overnight at 4°C. Next, they were incubated with anti-
bodies against PRV-specific proteins (mouse anti-gB; used at 1/100) and actin (DM1A-HRP; used at
1/5,000) for 1 h at room temperature. Following incubation with HRP-conjugated secondary antibodies
(HRP-conjugated goat anti-mouse; used at 1/2,000) for 1 h at room temperature, blots were developed
using chemiluminescence. All antibodies were diluted in blocking buffer.

Flow cytometry. Purity-sorted pDC and ST cells were harvested at 14 hpi (12 h of cocultivation) and
subsequently fixed and permeabilized using BD Cytofix/Cytoperm (BD Bioscience) according to the
manufacturer’s instructions. Next, cells were incubated with phospho-ERK antibodies (used at 1/1,000) at
4°C for 30 min, washed three times with BD Perm/Wash buffer (BD Bioscience), and incubated for 30 min
at 4°C with Alexa Fluor 488-conjugated, goat anti-rabbit IgG antibodies (used at 1/200). Cells were
measured using the BD FACS Aria III. For analysis, pDC were distinguished from ST cells based on their
size (forward scatter [FSC]) and granularity (side scatter [SSC]), using the BD FACS Diva software.

Statistics. Statistical analysis was performed using S-PLUS (TIBCO Software, Inc.). Data were analyzed
for statistical differences by analysis of variance (ANOVA) at the 5% significance level. Post hoc compar-
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isons between different conditions were performed by Tukey’s range test, unless indicated otherwise in
the results, in which case, a Student’s t test at the 5% significance level was performed. To investigate
correlation between data, Spearman’s rank correlation test was used.
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