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Abstract

Plasmacytoid dendritic cells (pDC) are important innate immune cells during the onset of

viral infections as they are specialized in the production of massive amounts of antiviral type

I interferon (IFN). Alphaherpesviruses such as herpes simplex virus (HSV) or pseudorabies

virus (PRV) are double stranded DNA viruses and potent stimulators of pDC. Detailed infor-

mation on how PRV activates porcine pDC is lacking. Using PRV and porcine primary pDC,

we report here that PRV virions, so-called heavy (H-)particles, trigger IFNα production by

pDC, whereas light (L-) particles that lack viral DNA and capsid do not. Activation of pDC

requires endosomal acidification and, importantly, depends on the PRV gD envelope glyco-

protein and O-glycosylations. Intriguingly, both for PRV and HSV-1, we found that L-parti-

cles suppress H-particle-mediated activation of pDC, a process which again depends on

viral gD. This is the first report describing that gD plays a critical role in alphaherpesvirus-

induced pDC activation and that L-particles directly interfere with alphaherpesvirus-induced

IFNα production by pDC.

Author summary

The Alphaherpesvirinae subfamily of Herpesviridae encompasses several closely related

viruses infecting humans and animals. They include herpes simplex virus 1 (HSV-1) caus-

ing cold sores and in severe cases encephalitis in man, and pseudorabies virus (PRV) caus-

ing respiratory and neurological symptoms in pigs. Alphaherpesviruses encode numerous

immune evasive mechanisms that contribute to life-long infections of their host. Plasma-

cytoid dendritic cells (pDC) are specialized immune cells that are capable of producing

massive amounts of antiviral type I interferons (IFN) upon virus infection. Here, we dem-

onstrate that PRV-induced type I IFN production by pDC relies on the presence of com-

plete virus particles and, importantly, that this activation depends on one specific viral

protein, the envelope glycoprotein (g)D. We also found that noninfectious light (L)-
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particles, which lack nucleocapsids and are also produced during herpesvirus infection,

interfere with both PRV- and HSV1-induced type I IFN production by pDC and that this

again depends on gD. These data provide new insights on how alphaherpesviruses induce

type I IFN responses in pDC and reveal that the enigmatic alphaherpesviruses L-particles

counteract type I IFN production.

Introduction

Alphaherpesviruses are enveloped double stranded DNA (dsDNA) viruses that are highly

adapted to coexistence with their natural host, which is exemplified by their hallmark ability to

establish life-long latent infections in the natural host. The alphaherpesvirus subfamily con-

tains pathogens of humans and animals, including the human pathogens herpes simplex virus

1 and 2 (HSV1, HSV2) and varicella zoster virus (VZV), bovine herpes virus 1 (BoHV-1) in

cattle, equine herpes virus 1 (EHV-1) in horses and suid herpes virus 1 (SuHV-1) or pseudora-

bies virus (PRV) in pigs [1]. PRV is the causative agent of Aujeszky’s disease causing respira-

tory, neurological and reproductive illnesses in pigs, and is often used as a model organism to

study alphaherpesvirus-host interactions [2]. Curiously, alphaherpesvirus replication in host

cells not only results in the formation of progeny infectious virions (so-called heavy or H-par-

ticles) but also in the generation of noninfectious light particles (L-particles). L-particles differ

from H-particles in that they do not contain a nucleocapsid. All alphaherpesviruses tested thus

far produce L-particles, i.e. HSV-1, PRV, EHV-1, BoHV-1 and VZV [3]. Deletion of viral

genes that are required for capsid maturation, i.e. the UL25 gene that encodes a minor capsid

protein, leads to exclusive L-particle production in infected cells [4,5]. Although L-particles

are produced in vivo [6,7], information about their biological role is scarce. It has been sug-

gested that they may act as immune decoys by capturing antibodies or may prepare uninfected

cells for infection [7]. More recently, L-particles produced by HSV-1-infected monocyte

derived dendritic cells (MoDC) were found to downregulate surface expression of the co-stim-

ulatory protein CD83 and the IL-6 receptor on bystander MoDC [8,9].

Plasmacytoid dendritic cells (pDC) are a unique subset of leukocytes capable of producing

immense amounts of type I IFNs. They were first described in humans in 1999 [10,11] as inter-

feron producing cells (IPC) but were later also described in several other species, including

mice [12], rats [13], monkeys [14], cattle [15], horses [16] and pigs [17]. pDC are sentinel cells

that circulate between the blood and secondary lymphoid organs and are quickly translocated

to sites of infection. pDC generally represent 0.1 to 0.5% of the peripheral mononuclear blood

cell (PBMC) population, yet can produce up to 1,000 times more type I IFNs than any other

cell type [18]. Type I IFNs and pDC are of particular importance in keeping alphaherpesvirus

replication under control [19–24]. Importantly, pDC were identified as the major source of

type I IFN within the PBMC population upon HSV stimulation [11]. In addition to their mas-

sive type I IFN production capacity, activated pDC also produce several other pro-inflamma-

tory and Th1 cytokines upon stimulation and may present viral antigens to both CD4+ and

CD8+ T-cells, thereby providing a powerful link between the innate and adaptive immune

response [25–29]. Activation of pDC generally occurs through the endosomal nucleic acid toll

like receptors (TLR)7 or TLR9 by pathogen derived single stranded RNA or double stranded

unmethylated CpG-rich DNA, respectively [30]. Alphaherpesviruses like HSV and PRV

potently stimulate type I IFN production by pDC [31–33]. Although HSV activation of pDC

has been reported to occur via TLR9-mediated recognition of the viral genome [34,35], it has
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been suggested that alphaherpesviral envelope glycoproteins may directly and/or indirectly

play a role in pDC activation [36].

Here, we report that viral DNA- and capsid containing PRV H-particles, but not L-parti-

cles, trigger IFNα production by primary porcine pDC. Importantly, we found that the viral

gD envelope glycoprotein is required for efficient pDC activation. Moreover, we demonstrate

that L-particles of both PRV and HSV-1 suppress H-particle-induced IFNα production by

pDC, a process that again depends on gD.

Materials and methods

Ethics statement

Porcine blood was collected from 2–6 months old pigs that were housed at the Faculty of Vet-

erinary Medicine of Ghent University. Housing and blood taking were approved by the Ethical

Committee of the Faculty of Veterinary Medicine, Ghent University (approval EC2017/121).

Cells and viruses

Swine testis (ST) cells were cultured in Earle’s 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, 0.05 mg/ml gentamycin) (Life Technologies). RK-13 cells were cultured in Dul-

becco’s Modified Eagle’s Medium (DMEM) supplemented with 10% FCS and antibiotics. RK-

13 cells stably expressing pUL25 [4], gB [37] or gD [38] were cultured with 0.5 mg/ml G418

(Life Technologies) instead of the aforementioned antibiotics, except when used in experimen-

tal assays. MDBK cells expressing gD [39] were cultured in DMEM with 10% FCS, 2 mM L-

glutamine and 0.5 mg/ml G418. Vero cells expressing gH [40] or gL [41] were cultured in

MEM with 10% FCS, 2 mM L-glutamine and 0.5 mg/ml G418. BHK-21 cells were cultured in

DMEM with 5% FCS, 1 mM sodium pyruvate, 2 mM L-glutamine, 1 mM non-essential amino

acids and antibiotics. PBMC and pDC were cultured in RPMI 1640 (Life Technologies) with

10% FCS, 2 mM L- glutamine, 1 mM sodium pyruvate, 1 mM non-essential amino acids,

20 μM ß-mercaptoethanol and antibiotics. Monocytes were cultured in pDC medium without

ß-mercaptoethanol (monocyte medium).

All viruses used in the current study have been described before, including wild type (WT)

PRV Kaplan strain [42] and isogenic strains deleted for a single gene locus, i.e. gBnull [37],

gDnull [39], gEnull [43], gHnull [40], gLnull [41], gMnull [44] and UL25null [4]. The WT

Becker strain [45] and the isogenic PRV151 strain, which contains a CMV-EGFP reporter

gene inserted in the gG gene locus [46], were a kind gift of Dr. L. Enquist (Princeton Univer-

sity, USA). The HSV-1 KOS strain [47] was kindly provided by Dr. G. Campadelli-Fiume

(University of Bologna, Italy). PRV stocks were titrated on ST monolayers or the respective

complementing cell line and the HSV-1 strain was titrated on Vero monolayers.

Antibodies and reagents

Antibodies against PRV glycoproteins gB (1C11, mIgG2a, non-neutralizing), gD (13D12,

mIgG1, neutralizing) and gE (18E8, mIgG1, non-neutralizing) and irrelevant isotype control

antibodies against bacterial FedF (Imm03, mIgG2a) and bacterial F4 (Imm01, mIgG1) have

been described before [48–50] and were purified using HiTrap Protein GHP (GE Healthcare)

according to the instructions of the manufacturer. Antibodies against VP5 (3C10) and US3

(8F86, mIgG1) [51] were kindly provided by Dr. L. Enquist (Princeton University, USA). HRP

conjugated goat anti-mouse IgG was purchased from Dako (P0447). HRP labelled alpha-tubu-

lin antibodies were obtained from Abcam (Ab40742). For magnetic activated cell sorting
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(MACS) and flowcytometric analyses, antibodies directed against CD4 (74-12-4, mIgG2b)

[52] and CD172a (74-33-15, mIgG1) [52] were used and were a kind gift from Dr. A. Saalmül-

ler (University of Vienna, AUT). Mouse anti-CD14 antibodies (MIL-2, mIgG2b) [53] were

kindly provided by Dr. K. Haverson (Bristol University, UK) and antibodies against nectin-1

(CK6 (flow cytometry), CK41 (blocking assay) mIgG1) were kindly provided by Dr. C. Krum-

menacher (Rowan University, New Jersey) [54]. In some assays (when co-staining for nectin-

1, using the CK6 antibody of the same mIgG1 isotype), the CD172a antibody was directly

labelled using the DyLight 650 kit from Thermo Fisher (84535). PE labelled streptavidin

(SA10041), AlexaFluor647 conjugated goat anti-mouse IgG1 (A21240), AlexaFluor488 conju-

gated goat anti-mouse IgG1 (A21121) and SytoxBlue live/dead marker (S34857) were pur-

chased from Life Technologies. Propidium iodide was obtained from Invitrogen (P3566).

MACS anti-mouse IgG microbeads and anti-mouse IgG1 microbeads were purchased from

Miltenyi Biotech. For ELISA, the porcine IFNα antibodies F17 and K9 (both mIgG1) were

kindly donated by Dr. B. Charley (INRA, France) [55]. PNGase F and the protein deglycosyla-

tion mix II were purchased from New England BioLabs (P6044 and P0704). 3,3’,5,5’-Tetra-

methylbenzidine one component substrate (TMB) was purchased from Bethyl Laboratories,

recombinant porcine IFN-α from PBL Assay Science and streptavidin-HRP from Thermo Sci-

entific. Antibodies against CD4 and IFNα (K9) were biotinylated using EZ-Link Sulfo-

NHS-Biotin (Life Technologies) following the manufacturer’s instructions. Type A CpG oligo-

nucleotide D32 [17] was synthesized by Integrated DNA Technologies. Pritelivir (BAY 57–

1293) was purchased from Selleckchem (HY-15303), chloroquine from Tocris Bioscience

(4109) and BSA (Fraction V) and Cytochalasin D from Sigma-Aldrich (resp. 1120180100 and

C8273).

Generation of phenotypically negative PRV virions

Supernatants containing virions that are both genotypically and phenotypically negative for a

single glycoprotein or containing solely L-particles using UL25null PRV were generated as fol-

lows. First, mutant virions genotypically negative but phenotypically positive for a single glyco-

protein or pUL25 were grown on corresponding complementing cell lines. These virions were

then used to infect non-complementing ST cells at a multiplicity of infection (MOI) of 10 in

MEM at 37˚C for 2 h, after which the inoculum was removed by washing and the non-entered

virions were inactivated by citrate treatment for 2min (40 mM sodium citrate, 10 mM KCl,

135 mM NaCl; pH 3). Afterwards, cells were washed 2 times with MEM, overlaid with pDC

medium and collected at 24 h post inoculation (hpi). Cell debris was removed by centrifuging

10 min at 1,000 g. The absence of infectious virus was validated by titration on ST cells.

Isolation of H- and L-particles

For PRV, H- and L-particles were purified as described before [56] with some minor adjust-

ments. Briefly, 175 cm2 flasks with confluent ST cells were either mock-inoculated or inocu-

lated with UL25null PRV Kaplan or WT PRV Kaplan at an MOI of 10 in MEM at 37˚C. At 2

hpi, non-entered virions were inactivated by citrate treatment for 2 min (40 mM sodium cit-

rate, 10 mM KCl, 135 mM NaCl; pH 3), after which the cells were washed two times and over-

laid with ST medium. Supernatant was collected at 24hpi and cell debris was removed by

centrifuging 10 min at 1,000 G and a 0.45 μm filtration step. Viral particles (or mock samples)

were pelleted for 1 h at 20,000 G using a Type-35 rotor (Beckman Coulter), resuspended in 0.5

ml PBS, briefly sonicated and carefully layered onto a 30–10% iodixanol (Sigma) gradient and

subsequently centrifuged for 2 h at 68,400 G in a SW41-Ti rotor (Beckman Coulter). H- and

L-particle bands were collected, aliquoted and stored at -80˚C until further use.
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For HSV, 80–90% confluent BHK-21 cells were infected with HSV-1 KOS at an MOI of

0.01 [56,57]. Upon full cytopathic effect, supernatant was collected and H- and L-particles

were purified identically as for PRV, with the exception of using a linear Ficoll 400 (Sigma)

gradient for H- and L-particle separation (SW41Ti, 2 h, 26,000 G) and diluting the collected

H- and L-particles in PBS followed by an additional ultracentrifugation step (SW41Ti, 2 h,

80,000 G), resuspending the viral pellets in PBS and storing until further use. Viral protein

concentrations were determined using a Pierce BCA kit according to the manufacturer’s

instructions (ThermoFisher).

Generation of fixed RK-13 cells in suspension

Confluent monolayers of parental RK-13 cells or RK-13-cells expressing either PRV gB or gD

were gently detached using Accutase according to the manufacturer’s instructions (BioLe-

gend), washed two times in PBS and fixed using a 3% paraformaldehyde solution for 10 min-

utes at room temperature after which cells were washed five times in pDC medium and

counted using an ACEA Novocyte flow cytometer. For IFNα assays, a final concentration of

250,000 cells /mL was added to PBMC prior to stimulation with density gradient purified PRV

H-particles or CpG ODN.

Deglycosylation assays

For PRV virions, 10 μg density gradient purified PRV H-particles were deglycosylated with

PNGase F, which removes N-linked glycans, or a deglycosylation mixture removing both O-

and N-linked glycans according to the manufacturer’s instructions for non-denaturing reac-

tion conditions. For RK-13 cells, confluent monolayers of parental RK-13 cells or RK-13 cells

expressing PRV gD were gently detached with Accutase (BioLegend) and washed two times in

PBS with 1% BSA and 1 μM of the actin polymerization inhibitor cytochalasine D (incubation

buffer) to prevent endocytosis of deglycosylated gD. Subsequently, 6.6x106 cells/mL were incu-

bated for 30 min at room temperature in incubation buffer with or without 5 μL deglycosyla-

tion mixture per 106 cells followed by 1 h incubation at 37˚C under mild agitation. Cells were

subsequently washed two times in PBS, paraformaldehyde fixed and added to PBMC as men-

tioned in the previous paragraph.

Interferon assays

5x106 PBMC /mL or 160,000 FACS-purified porcine pDC /mL were coincubated with WT

Kaplan PRV or HSV-1 density gradient purified H-particles at a final TCID50 of 106.8, unless

mentioned otherwise, or 10 μg/mL CpG ODN D32 at 37˚C for 22 h after which cell superna-

tants were collected and IFNα titers were determined using ELISA (see below).

Antibody treatment of PRV H- or L-particles

Purified H-particles were diluted in pDC medium and incubated for 1 h at 37˚C with or with-

out monoclonal antibodies and subsequently added to PMBC or FACS purified pDC. Purified

L-particles were diluted in pDC medium and incubated for 1 h at 37˚C with or without mono-

clonal antibodies. Next, L-particles were pelleted by centrifuging for 30 min at 20,000 G in a

5424R Eppendorf centrifuge and the supernatant was removed. After two washing steps

(resuspending in PBS followed by pelleting as described before), particles were resuspended

and added to PBMC or FACS purified pDC.
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PBMC isolation, monocyte isolation and pDC purification

Porcine PBMC were collected as described before [32]. Briefly, PBMC were isolated from

whole blood using a lymphoprep density gradient (Alere Technologies). After lysis of red

blood cells in Tris-buffered ammonium chloride buffer, PBMC were washed and resuspended

in pDC medium and counted.

For pDC depletion assays, pDC were stained for CD4 and CD172a and gated as described

in the flow cytometry section. Either non-pDC or all live cells were sorted on the BD FACS

Melody (BD Biosciences).

Monocytes were isolated as described before [58] by cultivating 5x106 PBMC /mL for 48 h

at 37˚C and subsequently, unadhered lymphocytic cells were removed by washing three times

with RPMI and finally overlaid with monocyte medium.

For pDC purification, pDC were first enriched as described in [32]. Enriched pDC were

subsequently stained for CD4 and CD172a and gated as mentioned in the flow cytometry sec-

tion. pDC were purity-sorted using a BD FACS Melody (BD Biosciences). Post sort analyses

showed>99% purity of the resulting pDC population.

For human PBMC, buffy coats from healthy donors were purchased from Red Cross Bel-

gium. Analogously, PBMC were separated on lymphoprep [59], red blood cells were lysed,

washed, resuspended in pDC medium and counted.

Flow cytometry

Monocytes cultivated for 48 h, confluent ST cells or fresh purity sorted pDC were either mock

inoculated or inoculated with WT PRV Becker or the isogenic GFP-expressing PRV Becker

strain PRV151 at an MOI of 10 and harvested at 24 hpi. Next, cells were incubated for 30 min

at 4˚C with propidium iodide (1/1,000), washed two times and GFP expression was analyzed

using an ACEA Novocyte flow cytometer. For PBMC populations, cells were incubated with

primary antibodies for 30 min at 4˚C, washed three times and incubated 30 min at 4˚C with

secondary antibodies and SytoxBlue (1/1000) and analysed by flow cytometry. When necessary

(CK6 staining), secondary antibodies were blocked with 5% mouse serum. pDC were gated

based on FSC, SSC and the CD4high and CD712adim phenotype, as described before [33].

SDS-PAGE and Western blotting

Cells were collected at 4˚C, washed in TNE buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA,

pH 6.8) and lysed for 1 h at 4˚C in TNE lysis buffer (TNE, 10% NP-40 (Roche) and protease

inhibitor cocktail (Sigma-Aldrich)). Nuclei were removed by spinning 10 min at 10,000 G

[32]. Purified H- and L-particles were lysed and heated for 5 min at 95˚C in SDS-PAGE load-

ing buffer without ß-mercaptoethanol or bromophenol blue. Protein concentrations of the cell

and viral lysates were determined using a Pierce BCA kit according to the manufacturer’s

instructions (ThermoFisher) after which the cell lysates were mixed with SDS-PAGE loading

buffer and heated for 5 min at 95˚C. ß-mercaptoethanol was added to the viral lysates used for

the Coomassie staining and Western blot against VP5 and tubulin. 20 μg cellular or 2 μg viral

proteins were loaded and run on a polyacrylamide gel (10%) via SDS-PAGE and either blotted

on a Hybond-P PVDF membrane (GE Healthcare) or directly visualised using Coomassie bril-

liant blue staining (ThermoFisher). Membranes were blocked in blocking buffer (PBS with 5%

milk powder (Nestlé), 0.1% Tween-20 (Sigma-Aldrich)) for 1 h at room temperature. Next,

blots were incubated with primary antibodies at 4˚C overnight, washed, and subsequently

incubated with HRP conjugated secondary antibodies (HRP conjugated, goat α-mouse; used

1/2000) for 1 h at room temperature. Primary and secondary antibodies were diluted in block-

ing buffer. Finally, blots were developed using chemiluminescence.
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ELISA

Porcine IFNα concentrations were measured by ELISA as described before [32]. Human IFNα
concentrations were measured using a pan hIFNα ELISA (MabTech) according to the instruc-

tions of the manufacturer.

Q-PCR

For PRV genome quantification, total DNA was extracted from PRV virions using the DNeasy

mini kit (Qiagen). Q-PCR amplifications were carried out with SYBR Green PCR master mix

(ThermoFisher) following the manufacturer’s instructions. Primers were targeted to the US3

gene: Forward 50 GACGGGGGGTTTCCTGATTTA and Reverse 50 GTATCTCATCAGCGG

AAGGGC. Genome copy numbers were determined according to a 10-fold diluted standard

curve of the US3 plasmid (pKG1) [60] ranging from 101 copies /5μL to 109 copies /5μL.

Transmission electron microscopy

Infected cells were prepared for and analysed by TEM, using a JEOL JEM-1400 Plus transmis-

sion electron microscope (JEOL), as described before [61].

Statistical analysis

Statistical analysis was performed using GraphPad Prism. Data were analyzed using the stu-

dent’s t-test or repeated measures ANOVA at the 5% significance level. For the latter, post hoc
comparisons between different conditions were performed by Tukey’s range test.

Results

DNA containing PRV virions trigger pDC activation via endosomal

acidification

Earlier, we showed that PRV-infected cells trigger IFNα production by porcine pDC [32].

Here, we first investigated whether cell-free PRV is able to stimulate primary porcine pDC. Fig

1A shows that supernatant of PRV-infected cells triggers IFNα production by PBMC and that

depletion of pDC from the PBMC population virtually abolishes IFNα production. The latter

confirms that pDC represent the most important, if not the sole, source of IFNα production in

the PBMC population in response to alphaherpesviruses, in line with earlier observations

[11,32]. Efficiency of pDC depletion from the PBMC population is shown in Fig 1B.

Supernatant of PRV-infected cells not only contains mature PRV particles (so-called heavy or

H-particles) but also light particles (L-particles) that lack DNA and capsid [62]. Although this

has not yet been assessed in pDC, it has been suggested that alphaherpesvirus envelope glycopro-

teins, in the absence of viral DNA, may trigger type I IFN responses [63]. To investigate whether

L-particles, which contain viral envelope glycoproteins but lack DNA, are able to trigger pDC

activation, assays were performed using wild type (WT) PRV and an isogenic UL25null PRV

strain. As the UL25 gene encodes for a minor capsid protein which is essential for newly pro-

duced viral nucleocapsids to leave the cell nucleus and assemble into mature progeny virions,

deletion of this gene abolishes the production of DNA-containing virions in the supernatant

while maintaining the capacity of the production of L-particles [4]. In contrast to supernatant

derived from WT PRV-infected cells, supernatant derived from UL25null PRV-infected cells did

not trigger an IFNα response (Fig 1C), whereas supernatant from UL25null PRV-infected cells

that stably express the pUL25 gene product (RK-13-UL25), and therefore contains H-particles,

did trigger IFNα production (Fig 1C). Together, these data indicate that DNA-containing virus
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particles are required for PRV-induced pDC activation, in line with the notion that the endoso-

mal DNA sensor TLR9 is critical for pDC activation by HSV [34].

Next, we tested whether endosomal acidification is important for PRV-induced IFNα pro-

duction by pDC. Fig 1D shows that chloroquine, an inhibitor of endosomal acidification, abol-

ishes IFNα production by pDC in response to PRV and, as a control, in response to the TLR9

ligand CpG ODN D32. Hence, endosomal acidification is indeed required for PRV-induced

activation of pDC.

Efficient type I interferon production by porcine pDC does not require

PRV replication but does depend on viral gD

Our data indicate that DNA-containing PRV particles activate pDC via endosomal acidifica-

tion. To assess whether pDC activation requires virus infection, as has been described for

Fig 1. PRV-induced IFNα response by porcine PBMC depends on pDC, H-particles and endosomal acidification. (A) IFNα response of porcine PBMC

either or not depleted for pDC upon stimulation with mock-, PRV supernatant (SN) or CpG ODN for 22h. PRV SN was collected from ST cells at 24hpi at a

multiplicity of infection (MOI) of 10. IFNα levels were determined by ELISA. Data shown are normalized to the PBMC control response (set to 100) for each of

the three independent repeats. (‘ns’ not significant, ‘����’ P<0.0001). (B) Post FACS sort analysis of porcine PBMC with either live cells sorted (left) or all cells

except pDC sorted (right). pDC are characterized as CD4highCD172adim and indicated by the gate. (C) IFNα response upon porcine PBMC stimulation for 22h

with supernatant collected at 24hpi from parental RK-13 cells or UL25-expressing RK-13 cells that were either mock infected or infected with WT PRV Kaplan or

its isogenic UL25null mutant. Data shown are normalized to the response of PBMC stimulated with WT PRV produced on RK-13 cells (set to 100) for each of the

five independent repeats. (‘ns’ not significant, ‘��’ P< 0.01, ‘���’ P< 0.001, ‘����’ P<0.0001). (D) Porcine PBMC were mock-treated or treated with 10μM

chloroquine for 1h at 37˚C followed by stimulation with CpG ODN, PRV SN or medium control for 22h. PRV SN was collected from ST cells at 24hpi at a

multiplicity of infection (MOI) of 10. IFNα responses are depicted as normalized to the stimulus in the mock condition (set to 100) for each of the five

independent repeats. (‘ns’ not significant, ‘����’ P<0.0001).

https://doi.org/10.1371/journal.ppat.1010117.g001
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some viruses [64], we first investigated whether pDC are susceptible to PRV infection. Either

virions of WT PRV strain Becker or an isogenic strain expressing soluble GFP under the con-

trol of the immediate early CMV promotor (PRV151) were added to PBMC. At 22hpi, cells

were stained for different cell surface markers to discriminate different cell populations and

analyzed by flow cytometry. As shown in Fig 2A, in samples inoculated with PRV151, virtually

no GFP signal was detected in the pDC population, indicating that PRV does not or only very

poorly infect pDC, in line with earlier reports [32]. As a positive control, substantial GFP

expression was detected in monocytes or ST cells, which are known to be susceptible to PRV

infection [58] (Fig 2A). Assays using FACS-purified pDC confirmed that pDC show a very

limited susceptibility to PRV infection (<1% infected pDC at an MOI of 10, Fig 2B).

It is possible that PRV replication in non-pDC subpopulations of PBMC contributes to the

observed PRV-induced pDC-mediated IFNα response. In addition, although our assays indi-

cate only a very low susceptibility of pDC to PRV infection, this does not formally exclude that

PRV replication in a small fraction of pDC may contribute to the observed IFNα response.

Hence, to assess whether or not PRV replication in PBMC and/or pDC is involved in the

observed PRV-induced IFNα response, assays were done in the presence of the viral helicase-

primase complex inhibitor pritelivir (or DMSO diluent), which inhibits PRV DNA replication

[65] and the subsequent expression of viral late proteins such as glycoprotein gE (Fig 2C).

Addition of pritelivir did not affect the observed IFNα response, either upon stimulation of

PBMC by PRV or by the TLR9 agonist CpG ODN (Fig 2D). Consequently, these results show

that viral DNA replication or late gene expression in PBMC is not required to elicit a PRV par-

ticle-induced IFNα response by pDC.

Interaction of PRV virions with and subsequent infection of host cells occurs via specific

interactions of viral envelope glycoproteins with the host cell surface. The sequence of events

first consists of labile and rather unspecific interaction of viral gC with sugar moieties on the

cell surface followed by a stable interaction between viral gD and specific cell surface receptors.

Subsequently, additional virus glycoprotein-host factor interactions and activation of the gH/

gL-gB machinery drive fusion of the envelope with the host membrane [66]. To assess whether

the interaction between PRV and pDC that triggers an IFNα response relies on particular viral

envelope glycoproteins or, alternatively, occurs via nonspecific interactions of pDC with viri-

ons, assays were performed using different mutant PRV strains deleted for specific viral enve-

lope glycoproteins. Cell-free virions that were either WT or phenotypically negative for one of

the viral envelope glycoproteins were used as stimulus. Since several viral envelope glycopro-

teins are essential for viral infectivity, virions that are phenotypically negative for these viral

glycoproteins cannot be titrated. Hence, virus H-particles in supernatants were quantified by

virtue of qPCR-based determination of viral genome copies and normalized before addition to

pDC. Fig 3A shows that several of the tested deletion mutants show a substantial reduction in

pDC activation. Deletion of the viral gM gene, which gene product is not involved in virus

entry, did not affect the IFNα response, whereas deletion of the gE gene caused an increase in

IFNα response, in line with our earlier identification of gE as a pDC-suppressive viral protein

[32]. Whereas viruses devoid of gB, gH or gL, which all make part of the viral fusion complex

involved in cell entry, all resulted in partially suppressed IFNα responses, virions that lacked

gD failed almost completely in triggering an IFNα response by pDC. Hence, the viral fusion

machinery appears to contribute to pDC activation, in line with data on HSV-1 [67], but gD

appears to play a previously unknown and particularly important role in triggering a pDC-

mediated IFNα response by PRV particles.

To confirm the importance of gD for activation of pDC by PRV, WT PRV virions were pre-

incubated with monoclonal antibodies against gD or gB (or irrelevant isotype control antibod-

ies) before addition to pDC. Fig 3B shows that the pDC-mediated IFNα response is markedly
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Fig 2. pDC are poorly susceptible to PRV infection and virus replication is not required for pDC activation. (A)

Porcine PBMC, monocytes or ST cells were mock inoculated or inoculated with WT PRV Becker or the isogenic GFP-

expressing PRV virus PRV151 (MOI 10) as mentioned in the materials and methods and 24h later analyzed for GFP

expression by flow cytometry. pDC were gated from the PBMC population according to their CD4highCD172adim

phenotype. One representative example out of four replicates is shown. (B) FACS purified porcine pDC were mock
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and significantly reduced when virus particles were pre-treated with a gD specific antibody,

while pre-treatment with a gB-specific antibody did not lead to a statistically significant reduc-

tion in IFNα response. The inhibitory effect of the gD-specific antibody on PRV-induced

IFNα production by pDC was even more dramatic when the assays were repeated using

FACS-purified pDC (Fig 3C).

Although L-particles, which lack viral DNA or capsid but contain viral glycoproteins like gD, did

not activate pDC (Fig 1C), we wanted to confirm that the gD glycoprotein by itself does not induce

IFNα by pDC, as insect cells expressing HSV gD have been reported to trigger IFNα production by

PBMC [63]. To this end, PBMC were added to either parental RK-13 cells or RK-13 cells stably

expressing either PRV gD or PRV gB. RK-13 cells to which CpG was added were used as a positive

control of IFNα production by PBMC. Neither parental RK-13 cells, gB-expressing RK-13 cells nor

gD-expressing RK-13 cells triggered detectable IFNα production by PBMC (Fig 3D), implicating

that the PRV glycoprotein gD on itself does not elicit detectable IFNα production by pDC.

Further in support of a critical role of the gD glycoprotein in PRV-induced IFNα produc-

tion by pDC, addition of gD-expressing RK-13 cells, but not parental RK-13 cells or gB-

expressing RK-13 cells, significantly suppressed the ability of PRV virions to trigger IFNα pro-

duction by PBMC (Fig 3E), whereas none of the RK-13 cells (parental, gB-expressing or gD-

expressing) suppressed CpG-triggered IFNα production by PBMC (Fig 3F).

Nectin-1 serves as the main gD receptor for several alphaherpesviruses and is expressed by

human pDC [21,68]. Fig 3G demonstrates that porcine pDC also express nectin-1. However,

when pDC were preincubated for 90min at 4˚C with nectin-1-specific antibodies that interfere

with the interaction between gD and nectin-1 [54], followed by addition of PRV and a switch

to 37˚C, no difference in IFNα production was observed, suggesting that nectin-1 does not

contribute to the PRV gD-dependent pDC activation (S1 Fig).

O-linked glycans on the viral gD glycoprotein are required for PRV

induced pDC activation

Given that several pDC receptors are glycan-binding lectins and that PRV gD is a glycoprotein

that is O-glycosylated, but not N-glycosylated [69], we next wanted to investigate whether

pDC activation by PRV relies on (O-)glycan structures. Therefore, virions were treated with

glycosidases that remove either both O- and N-linked glycans or only N-linked glycans before

addition to PBMC. A condition using CpG as pDC stimulus was used to rule out glycosidase-

unrelated treatment effects. Removal of both O- and N-glycans from PRV virions significantly

reduced IFNα production, whereas only removing N-glycans did not suppress (but rather

increase) the PRV-induced IFNα response (Fig 4A). To check for successful glycosidase activ-

ity, treated virions were subjected to Western blot analysis. Fig 4B shows that, as expected, the

apparent molecular mass of the N- and O-glycosylated gB was reduced by removing only N-

glycans and reduced more dramatically by removing both O- and N-glycans. In addition,

again in line with expectations [69], the apparent molecular mass of gD was only reduced

when O-glycans were removed.

inoculated or inoculated with WT PRV Becker or the isogenic GFP-expressing PRV virus PRV151 (MOI 10) as

mentioned in the materials and methods and 24h later analyzed for GFP expression by flow cytometry. (C) ST cells or

monocytes were pre-treated with 10 μM pritelivir or DMSO control at 37˚C for 30 min and subsequently mock-

inoculated or infected with PRV (MOI 10). At 8 hpi, cells were collected and expression of the late viral protein gE and

tubulin loading control were determined by Western blot. (D) Porcine PBMC were pre-treated with 10 μM pritelivir or

DMSO control at 37˚C for 30 min and subsequently mock-stimulated or stimulated with PRV density purified H-

particles or CpG ODN for 22h. IFNα levels were determined by ELISA. IFNα responses are depicted as normalized to

the stimulus in the control condition (set to 100) for each of the five independent repeats (‘ns’ not significant).

https://doi.org/10.1371/journal.ppat.1010117.g002
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Fig 3. The PRV envelope glycoprotein gD is required for pDC activation. (A) Porcine PBMC were stimulated for 22h with supernatant from either mock-

inoculated ST cells or ST cells infected with WT PRV Kaplan or isogenic single glycoprotein deletion mutants that was collected at 24hpi (and normalized based

on viral genome levels). IFNα levels were determined by ELISA. IFNα responses are normalized to the WT PRV response (set to 100) for each of the five

independent repeats. (‘ns’ not significant, ‘��’ P< 0.01, ‘���’ P< 0.001, ‘����’ P<0.0001). (B) PRV virions were incubated with or without different monoclonal

antibodies (10 μg/mL) for 1h at 37˚C and subsequently added to porcine PBMC for 22h. The measured IFNα responses are normalized to the condition
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Given our previous results showing that addition of gD-expressing RK-13 cells interferes

with PRV induced pDC activation, we investigated whether this effect could be reversed by

removal of the O-linked glycans on gD. Hence, parental RK-13 or RK-13-gD cells were

detached and pre-incubated with or without a glycosidase mixture, fixed and added in equal

amounts to PBMC prior to PRV or CpG stimulation. Fig 4C demonstrates that glycosidase

treatment indeed significantly suppressed the ability of RK-13-gD cells to reduce PRV-induced

IFNα production by PBMC. In contrast, removal of the glycan structures on RK13 cells had no

obvious effect on the CpG-induced IFNα production by PBMC (Fig 4D).

L-particles inhibit the PRV-induced IFNα response by pDC

Our findings indicate that an efficient PRV-induced IFNα response by pDC is driven by the

viral gD glycoprotein. As mentioned before, alphaherpesvirus-infected cells not only produce

infectious virions (H-particles) but also L-particles that are devoid of DNA and capsid (Fig

5A) [3]. Since L-particles contain the same set of viral glycoproteins as H-particles [56], but

lack capsid and genome, we hypothesized that the presence of PRV L-particles during the

interaction of PRV H-particles with pDC may interfere with efficient pDC activation. To

examine this, supernatant from UL25null PRV-infected ST cells, containing only L-particles

but no H-particles, was added to PBMC together with PRV H-particle-containing supernatant

from WT PRV-infected cells in a 10 to 1 ratio. Fig 5B shows that the addition of supernatant

from UL25null PRV-infected cells almost completely abrogates the IFNα response, suggesting

that L-particles inhibit the pDC IFNα response induced by DNA-containing H-particles.

To exclude that, instead of L-particles, additional factors in the supernatant of UL25null

PRV-infected cells (e.g. cytokines) suppress the PRV H-particle-induced IFNα response by

pDC, and to assess whether L-particles derived from WT PRV also suppress the IFNα
response, additional assays were performed using H- and L-particles of WT PRV and L-parti-

cles of UL25null PRV purified by density ultracentrifugation. As a control, a mock condition

for L-particles was generated by subjecting supernatant from mock-infected cells to the same

L-particle purification protocol. Purity of H- and L-particle fractions was confirmed by Coo-

massie staining and Western Blot analysis. Both the Coomassie gel and Western blot (Fig 5C

and 5D) show that, as expected, the major capsid protein VP5 is prominently present in the H-

particle lysate but is not detectable in the lysate of the UL25null L-particles. The L-particle frac-

tion of the WT PRV sample, however, displays a weak but noticeable VP5 band, indicating

that the WT PRV L-particle fraction contains some contaminating H-particles. As a control,

cellular tubulin was only detected in the control lysate, but not in any of the viral preparations

(Fig 5D).

Next, purified H- and L-particle fractions were checked for their capacity to stimulate IFNα
production by pDC. Normalization was carried out based on total amount of protein before

addition to PBMC. In line with our earlier observations, the pure L-particle fraction from

UL25null PRV-infected cells did not trigger detectable IFNα (Fig 5E). In line with the slight

without antibodies (set to 100) for each of the five independent repeats. (‘ns’ not significant, ‘��’ P< 0.01). (C) PRV virions were incubated with or without

antibodies (10 μg/mL) for 1h at 37˚C and subsequently added to FACS-purified porcine pDC for 22h (n = 1). The measured IFNα responses are normalized to

the condition without antibodies (set to 100). Error bars represent the standard deviation of two technical replicates. (D) Porcine PBMC were added to parental

RK-13 cells or RK-13 cells stably expressing either the PRV glycoprotein gB or gD for 22h. As a positive control, PBMC added to RK-13 cells were stimulated

with CpG ODN. The measured IFNα responses are normalized to the condition including CpG ODN (set to 100) for each of the five independent repeats.

(‘����’ P< 0.0001). (E-F) Parental RK-13 cells or RK-13 cells stably expressing either the PRV glycoproteins gB or gD were added to porcine PBMC prior to the

addition of density gradient purified PRV H-particles (E) or CpG ODN (F) for 22h. The measured IFNα responses are normalized to the response when

parental RK-13 cells were added (set to 100) for each condition for each of the five independent repeats. (‘ns’ not significant, ‘��’ P< 0.01). (G) Porcine PBMC

were stained for CD4, CD172a and nectin-1 and analysed by flow cytometry. pDC were gated according to their CD4highCD172adim phenotype and nectin-1

expression (red) was measured compared to the isotype control (black).

https://doi.org/10.1371/journal.ppat.1010117.g003
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H-particle contamination in the L-particle fraction from WT PRV-infected cells, a minor

IFNα response was observed using this fraction.

To confirm that PRV L-particles indeed inhibit the H-particle-induced IFNα pDC

response, purified L-particles were added in a 10:1 ratio to H-particles. As a control to assess

whether L-particles may generally suppress pDC activity, L-particles were added to the TLR9

agonist CpG ODN D32. As shown in Fig 5F, addition of L-particles resulted in a drastic reduc-

tion in IFNα response triggered by H-particles but did not affect the CpG-induced IFNα
response, confirming that PRV L-particles specifically suppress H-particle induced pDC acti-

vation. Moreover, when the highly pure UL25null L-particles were used instead of the L-

Fig 4. PRV gD-mediated activation of pDC depends on O-glycans. (A) Density gradient purified PRV H-particles or mock controls were incubated overnight

at 37˚C with PNGase F (removing N-glycans), a deglycosylation mixture (removing both N- and O-glycans) or deglycosylation buffer only as a control and

subsequently added to porcine PBMC for 22h. For the mock control, pDC were stimulated with CpG ODN. The measured IFNα responses are normalized to

the buffer control without any enzyme (set to 100) for each of the five independent repeats. (‘ns’ not significant, ‘��’ P< 0.01). (B) Western blot analysis of

deglycosylated PRV H-particles. Antibodies against the viral proteins gB and gD were used. (C-D) Parental RK-13 cells or RK-13 cells stably expressing the PRV

glycoprotein gD were incubated with a deglycosylation mixture (removing both N- and O-glycans) or PBS with 1% BSA only as an incubation control. Cells

were subsequently added to porcine PBMC prior to the addition of density gradient purified PRV H-particles (C) or CpG ODN (D) for 22h. The measured

IFNα responses are normalized to the response using incubation control parental RK-13 cells (set to 100) for each of the five independent repeats. (‘ns’ not

significant, ‘�’ P< 0.05).

https://doi.org/10.1371/journal.ppat.1010117.g004
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Fig 5. PRV L-particles inhibit the PRV H-particle-induced IFNα response by pDC. (A) Transmission electron microscopic picture of an L-particle (right)

next to an H-particle (left) in a sample of PRV-infected ST cells at 12hpi. Scale bar represents 50 nm. (B) Porcine PBMC were stimulated for 22h with a

combination of ten-fold diluted supernatant from mock-inoculated ST cells or WT PRV Kaplan-infected ST cells (MOI 10) collected at 24hpi and undiluted

supernatant from mock-inoculated ST cells or UL25null PRV Kaplan-infected cells. The latter contains only L-particles and no H-particles. IFNα levels were
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particle fraction of WT PRV-infected cells, IFNα responses were almost entirely abolished,

indicating that the slight contamination of H-particles in the WT PRV L-particle fraction

counteracts to some extent the L-particle-mediated inhibition of pDC. Therefore, subsequent

experiments were performed using the highly pure UL25null L-particle fraction.

PRV L-particle-mediated inhibition of PRV-induced pDC activation is

direct and dose dependent

To assess whether L-particle-mediated inhibition of the PRV-induced IFNα response by pDC

is dose dependent, different ratios of L- to H-particles were tested. Fig 6A shows that increas-

ing doses of L-particles increasingly suppress H-particle-induced pDC activation. A ratio of L-

to H-particles exceeding 10 completely abrogates the IFNα response.

To confirm that the observed results are not caused by secondary interactions between L-

particles and other cell types in the PBMC population, assays were performed using FACS-

purified pDC. Again, PRV H-particle-induced IFNα responses by purified pDC were inhibited

by L-particles in a dose dependent manner (Fig 6B).

To determine whether pre-incubation of pDC with L-particles is sufficient to inhibit PRV-

induced pDC activation, PBMC were pre-incubated with L-particles for 2 hours at 37˚C fol-

lowed by washing and addition of medium containing H-particles either or not supplemented

with the same number of L-particles as during pre-incubation. IFNα responses were measured

22 hours later. Fig 6C shows that removal of pre-incubated L-particles before H-particle addi-

tion interfered with inhibition of the H-particle-induced IFNα response, implying that L-parti-

cles need to be present when H-particles interact with pDC to exert a suppressive effect.

gD is involved in L-particle-mediated inhibition of PRV-induced pDC

activation

Our data are compatible with a model in which L-particles suppress H-particle-induced pDC

activation via competitive inhibition. In line with this, Fig 7A shows that the addition of an

increasing amount of H-particles to a constant number of L-particles overcomes L-particle-

mediated inhibition of pDC. This suggests that H-particles and L-particles competitively bind

to certain pDC receptors, where binding of sufficient H-particles leads to pDC activation.

Since we showed that PRV H-particles require gD to efficiently activate pDC, we wondered

whether gD contributes to L-particle mediated inhibition of PRV-induced pDC activation.

First, we confirmed that PRV L-particles incorporate at least similar amounts, if not more, of

gD compared to H-particles (Fig 7B). Next, L-particles were pre-incubated with antibodies

against gB or gD or the respective isotype control. Antibodies in the media were subsequently

removed by pelleting and washing of the L-particles. Interestingly, pre-incubation of L-parti-

cles with a gD-specific antibody substantially and significantly reduced the inhibitory effect of

L-particles on the H-particle elicited IFNα pDC response, while this was not the case using a

determined by ELISA. IFNα responses are depicted as normalized to the response of PBMC stimulated with the combination of supernatant of PRV-infected

cells and of mock-inoculated cells (set to 100) for each of the five independent repeats. (‘ns’ not significant, ‘����’ P<0.0001). (C) Coomassie blue staining of

density gradient purified PRV L-particles from UL25null PRV Kaplan-infected ST cells and WT PRV Kaplan-infected ST cells and H-particles from WT PRV

Kaplan-infected ST cells. Arrow indicates position of the VP5 major capsid protein that is present in H-particles but absent from L-particles. (D) Western blot

analysis of density gradient purified PRV L-particles from UL25null PRV Kaplan-infected ST cells and WT PRV Kaplan-infected ST cells and H-particles from

WT PRV Kaplan-infected ST cells. Antibodies against gE (envelope glycoprotein) and VP5 (capsid protein) and cellular protein tubulin were used. (E) Porcine

PBMC were incubated with purified H- or L-particles, mock-treated or treated with medium control for 22h. Total IFNα production is shown of five

independent repeats. (F) Porcine PBMC were coincubated with density gradient purified Kaplan PRV H-particles or CpG ODN and medium only, mock-

purified sample, purified WT PRV L-particles or UL25null PRV L-particles for 22h. IFNα responses are normalized to the medium condition (set to 100) for

each of the five independent repeats. (‘ns’ not significant, ‘�’ P< 0.05, ‘��’ P< 0.01).

https://doi.org/10.1371/journal.ppat.1010117.g005
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gB-specific antibody (Fig 7C). These data suggest that L-particles compete with H-particles for

gD-mediated interaction with and subsequent activation of pDC.

L-particles from HSV-1 also suppress the H-particle-induced IFNα
response

Given that all alphaherpesviruses tested have been shown to produce L-particles [62], we

explored whether the inhibitory potency of L-particles against pDC stretches beyond PRV.

Therefore, HSV-1 H- and L-particles were purified by density ultracentrifugation. Although

Fig 6. The L-particle mediated inhibition of the PRV H-particle-induced IFNα response by pDC is dose dependent. (A) Porcine PBMC were

incubated for 22h with density gradient purified H-particles and different amounts of UL25null L-particles or a corresponding mock sample. IFNα
levels were determined by ELISA. IFNα responses are normalized to the mock condition (set to 100) for each of the five independent repeats. (‘ns’ not

significant, ‘�’ P< 0.05, ‘���’ P< 0.001). (B) FACS-purified porcine pDC were incubated for 22h with density gradient purified H-particles and different

amounts of UL25null PRV L-particles or a corresponding mock sample (n = 1). The measured IFNα responses are normalized to the mock condition

(set to 100) and error bars represent the standard deviation of two technical replicates. (C) Porcine PBMC were pre-incubated density purified UL25null

L-particles or a corresponding mock sample for 2h at 37˚C, washed and subsequently medium containing H-particles with or without the same number

of L-particles as during the pre-incubation (corresponding to a 5:1 ratio of L-to-H-particles) was added. Following 22h of incubation at 37˚C,

supernatant was collected and IFNα concentrations were determined. IFNα responses are normalized to the mock condition (set to 100) for each of the

five independent repeats. (‘��’ P< 0.01).

https://doi.org/10.1371/journal.ppat.1010117.g006
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Fig 7. The inhibitory effect of PRV L-particles on H-particle-induced IFNα production by pDC depends on the viral gD envelope glycoprotein. (A)

Porcine PBMC were incubated for 22h with a fixed number of L-particles or a corresponding mock sample and increasing numbers of H-particles. The

number of H-particles in the lowest H-to-L-particle ratio of 0.1:1 corresponds to the same amount of H-particles as used in the previous experiments i.e. 106.8

PFU/ml, with the two 10 fold increments of H-particles referred to as 1:1 and 10:1. IFNα responses are normalized to the mock condition (set to 100) for each

of the five independent repeats. (‘ns’ not significant, ‘�’ P< 0.05, ‘��’ P< 0.01). (B) Western blot analysis of density gradient purified PRV L-particles from

UL25null PRV Kaplan-infected ST cells and WT PRV Kaplan-infected ST cells and H-particles from WT PRV Kaplan-infected ST cells. Antibodies against the

viral glycoproteins gB and gD were used. (C) Purified UL25null L-particles or corresponding mock samples were incubated with or without 10μg/mL of

different monoclonal antibodies at 37˚C for 1h, followed by two centrifugation steps and finally L-particles were resuspended in pDC medium and added to

porcine PBMC together with H-particles (corresponding to a 100:1 ratio of L-to-H-particles). Supernatant was collected 22h later and IFNα responses are

shown relative to the mock samples (set to 100) for each of the five independent repeats. (‘ns’ not significant, ‘�’ P< 0.05).

https://doi.org/10.1371/journal.ppat.1010117.g007
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the major capsid protein VP5 was, as expected, strongly reduced in the L-article fraction as

assessed by Coomassie staining (Fig 8A), it was not completely absent, suggesting a slight con-

tamination of H-particles in the L-particle fraction, similar to what we observed for WT PRV

L-particles.

Next, HSV-1 H- and L-particles were added to human primary PBMC of three different

donors in similar ratios as had been tested for PRV (Fig 8B). Although a substantial variation

was observed between the different donors, with one donor displaying a very weak HSV-1 H-

particle-induced IFNα response by PBMC, a strong dose-dependent inhibition of the IFNα
response was observed when the L-to-H-particle ratio exceeded 10, similar to what we

observed for PRV. IFNα titers were not completely suppressed, although it has to be kept in

mind that the HSV L-particle fraction, like the L-particle fraction of WT PRV-infected cells, is

not completely devoid of H-particles, which is likely to interfere with optimal pDC inhibition

by HSV-1 L-particles. In summary, we show that L-particle-mediated interference with the H-

particle-induced IFNα response is a conserved feature of alphaherpesviruses.

Discussion

In this report, we found that capsid and genomic DNA-containing H-particles are essential for

an adequate induction of IFNα by PRV in primary porcine PBMC, and that this IFNα
response can be virtually completely attributed to the pDC subpopulation of PBMC. We also

report that efficient PRV-mediated pDC activation requires endosomal acidification and the

viral gD envelope glycoprotein, and that L-particles of PRV (as well as of HSV-1) interfere

with H-particle-induced IFNα production by pDC (Fig 9). This inhibition by L-particles also

Fig 8. HSV-1 L-particles interfere with the H-particle-induced IFNα response by human PBMC in a dose dependent manner. (A) Coomassie blue

staining of density gradient purified HSV-1 L- and H-particles. Arrow indicates position of the VP5 major capsid protein that is present in H-particles

but absent from L-particles. (B) Human PBMC were incubated for 22h with density gradient purified HSV-1 H-particles and different amounts of HSV-

1 L-particles. IFNα responses of PBMC of three different donors are shown.

https://doi.org/10.1371/journal.ppat.1010117.g008
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requires gD, which is indicative for a competitive model of inhibition and underlining the cen-

tral role played by gD in the interaction of PRV with pDC. A hypothetical model on the inter-

action of PRV with pDC, based on the findings in the current manuscript, is shown in Fig 9.

The observation that pDC are the main source of IFNα in the PBMC population when

stimulated with PRV is in line with studies on other herpesviruses, such as HSV-1 [11] or

murine cytomegalovirus (MCMV) [70]. These results are not completely surprising, given that

pDC can produce up to a 1,000-fold more type I IFN compared with other cell types including

classical dendritic cells (cDC) or monocytes [71]. In fact, pDC have been described as the

main source of systemic type I IFNs during infection of mice with several viruses [72] includ-

ing MCMV and HSV-2. In addition, a marked increase in MCMV and HSV-2 viral load was

observed in mice depleted for pDC [73,74]. In line with these observations in humans and

mice, pDC also act as producers of large amounts of type I IFNs in response to viruses in pigs,

including transmissible gastroenteritis virus (TGEV), swine influenza virus (SIV) and foot-

and-mouth disease virus (FMDV) [33,75].

Type I IFNs are the most potent antiviral cytokines known in nature and the absence of

pDC or type I IFNs has been shown to critically affect the outcome of virus infection,

Fig 9. Hypothetical model of PRV H-particle induced activation and L-particle mediated inhibition of pDC. (Left)

DNA-containing PRV H-particles trigger endosomal acidification- and viral gD glycoprotein-dependent activation of

pDC. The viral fusion machinery contributes to but is not essential for pDC activation. (Right) DNA- and capsid-

lacking viral L-particles suppress H-particle-induced activation of pDC in a competitive and gD-dependent manner.

Created with BioRender.com.

https://doi.org/10.1371/journal.ppat.1010117.g009
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particularly alphaherpesviruses, including HSV or VZV [22,76]. Although information is

scarce, the importance of the IFNα response during PRV infection has also been established.

For example, in mice, type I IFNs play a crucial role in reducing the neuroinflammatory

response and the clinical outcome of a PRV infection [77]. Moreover, we and others previously

observed that the widely used attenuated PRV vaccine strain Bartha induces a massive IFNα
response by porcine pDC in vitro and in mice in vivo, which may help to explain its reduced

virulence and potent immunogenicity [32,77,78].

For HSV, it is known that genomic DNA activates pDC through the endosomal DNA-sens-

ing TLR9 [34], in line with our current findings. To investigate whether certain PRV envelope

glycoproteins are involved in pDC activation, we stimulated pDC with different PRV strains

carrying deletions in particular glycoprotein-encoded genes. Mutant PRV strains that lacked

one of the viral glycoproteins belonging to the gB-gH-gL fusion complex triggered a partially

reduced IFN response by pDC. This suggests that, upon endosomal uptake of virions, pDC

activation may not only be triggered by virus degradation and endosomal sensors including

the dsDNA sensor TLR9, but may also to some extent occur upon fusion of the virus envelope

with the host membrane. Future research may clarify which pDC sensors are involved in the

latter, such as cytoplasmic and nuclear dsDNA sensors cGAS-STING and IFI16 that have been

reported before to be triggered by herpesviruses [79,80]. Interestingly, the activation of pDC

by PRV was nearly completely abolished when virions that lack the viral gD envelope glyco-

protein were used, and was severely reduced by the addition of cells that stably express PRV

gD, implicating that uptake of PRV virions in and subsequent activation of pDC occurs via

gD. Interestingly, for HSV-1, early reports indicated that antibodies against gD, but not against

gB or gC, interfere with HSV-1-induced IFNα production by PBMC [81], supporting our cur-

rent data. In addition, entry-defective HSV-1 virions lacking gB and gH can induce activation

of NF-κB, PI3K/Akt and Jak/Stat pathways in HFF cells, while gDnull HSV-1 virions cannot

[82]. Altogether, these data demonstrate that gD functions as a multifaceted protein capable of

driving specific immunological responses, including pDC activation. PRV gD has three

known receptors: nectin-1 [83], nectin-2 [84] and PVR [85]. Even though we were able to con-

firm the expression of nectin-1 on porcine pDC, in line with what was reported for human

pDC [21], cross-reactive blocking antibodies against human nectin-1 did not interfere with

PRV-induced pDC activation. The nectin-1 specific CK41 antibody that was used has been

confirmed to bind porcine nectin-1 and to block PRV entry in host cells [83]. Nevertheless, it

cannot be entirely excluded that perhaps a lower antibody affinity for porcine nectin-1 and/or

potential redundancy by other gD receptors like nectin-2 or PVR on pDC may have affected

the outcome of this assay. Notwithstanding, our data suggest that a glycan-binding lectin

receptor may be involved in gD-mediated activation of pDC by PRV, as removal of O- and N-

linked glycans (but not of N-linked glycans alone) from PRV virions suppressed pDC activa-

tion and deglycosylated RK-13-gD cells lost their ability to suppress PRV mediated pDC acti-

vation. Many of the pDC cell surface receptors that participate in the uptake of exogenous

material are lectins, including BDCA-2 [86], DCIR [87], DEC-205 [88] and Siglec-5 [89]

which all recognize glycan moieties. For HIV, it was already shown that the viral glycoprotein

gp120 protein binds both BDCA-2 [90] and DCIR [91]. It will be interesting to explore in

future research if any and which of these lectins are involved in gD-mediated PRV-induced

activation of pDC.

Although both porcine and human pDC express receptors for gD of PRV and HSV, and

our current data show that gD of PRV is required for optimal IFN production by pDC, pDC

do not appear to support substantial replication by either PRV (current study), HSV-1 [21] or

HSV-2 [34]. Similarly, the betaherpesvirus human cytomegalovirus (HCMV) also does not

productively infect human pDC [92]. It is not clear at which step of the replicative process
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infection is halted. Despite their ability to produce massive amounts of antiviral type I IFNs,

experiments using antibody cocktails blocking type I IFN signalling illustrated that this is not

the reason for the resistance of pDC against HSV or HCMV infection [21,92] and therefore

unlikely the reason for the virtual lack of PRV susceptibility of porcine pDC. Both our results

and the results of others show that genes under the control of an immediate early promotor

are not expressed in pDC inoculated with alpha- and betaherpesviruses, indicating that the

infectious cycle is interrupted at a very early stage and does not involve abortive replication, as

is the case for some other viruses [75]. Interestingly and quite contrary, productive infection

by the gammaherpesvirus Kaposi’s sarcoma-associated virus (KSHV) is required for pDC acti-

vation [93].

Our data also reveal that L-particles of both HSV-1 and PRV interfere with H-particle

induced IFNα production by PBMC. These findings shed new light on the function of these

enigmatic particles [3]. All alphaherpesviruses tested produce L-particles in cell culture, i.e.

HSV-1, PRV, EHV-1, BoHV-1, VZV [56,62,94]. Our data demonstrate that the ratio of L- to

H-particles is of particular importance for pDC inhibition. However, the actual ratio produced

during infection differs substantially, depending on the virus and the cell type. For HSV-1, an

L- to H-particle ratio of 1:1 was observed when virus was grown in BHK-21, but only 1:1,300

in Hep2 and presumably even less in Vero cells [95]. Mature monocyte derived DC cells

(MoDC) on the other hand exclusively produce HSV-1 L-particles and no H-particles [8]. For

BoHV-1, a little more than 1 L-particle for every H-particle is observed when the virus is

grown on MDBK cells [56]. For VZV, the L-particle fraction of extracellular particles produced

in MeWo cells can reach up to 85% [94]. Interestingly, when pDC were exposed to VZV-

infected cells, no IFNα production could be detected [96]. Although speculative, this may

point to a similar suppressive effect of VZV L-particles on pDC-mediated IFNα production as

described in the current report.

L-particles lack a nucleocapsid but consist of a viral envelope enclosing the tegument and

are capable of delivering their cargo into cells [97]. HSV L-particles contain a remarkably

higher amount of several tegument proteins involved during the initial stages of infection

[7,56,57,98]. Therefore, it has been suggested that L-particles may prepare uninfected cells for

subsequent infection [97]. However, no real difference in HSV replication kinetics was

observed when cells were pretreated with L-particles prior to infection [7]. Nevertheless, addi-

tion of high amounts, but not low amounts, of L-particles were able to interfere with virion

adsorption [7]. These results are in line with our data showing that L-particles interfere with

the effects of H-particles in a concentration-dependent manner. Heilingloh and colleagues

showed that MoDC-derived L-particles of HSV-1 downregulate CD83 and the IL6 receptor on

bystander MoDC [8,9], thereby suggesting immune evasive properties of L-particles. Downre-

gulation of the IL-6 receptor was found to depend on the virion host shut-off tegument protein

(pUL41) [9]. Although, theoretically, the L-particle-mediated inhibition of H-particle-induced

IFN production by pDC reported in the current manuscript may be driven by L-particle-medi-

ated delivery of inhibitory tegument protein cargo into pDC, we do not believe this is the main

pathway of inhibition. Indeed, our data indicate that (i) only the IFNα response triggered by

PRV H-particles and not by CpG ODN D32 is inhibited, (ii) the addition of increasing concen-

trations of H-particles overcomes inhibition, which correlates with a mechanism of classical

competitive inhibitors [99] and (iii) removal of L-particles also removes inhibition. Combined

with our data that both activation of pDC by H-particles and inhibition by L-particles depend

on gD, these data add support the hypothesis that L-particles competitively interfere with H-

particles for one or more pDC (gD) receptors leading to virion uptake and subsequent IFNα
production. Mass spectrometry analyses have shown that the overall composition of both

HSV-1 and BoHV-1 L-particles differs significantly from that of H-particles [56,98]. Of
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interest, HSV-1 L-particles derived from MoDC have a nearly two-fold higher content of gD

than H-particles [98].

There is convincing evidence that L-particles are also produced in vivo. For example, vesic-

ular fluid from HSV-1 cold sores contains particles morphologically resembling L-particles

[7]. Moreover, in vivo PRV L-particle production was observed in epithelial cells and fibro-

blasts of the respiratory and olfactory mucosae of the nasal cavity of infected swine [6]. The

authors also reported distinct production kinetics of H- and L-particle production in vivo, as

they observed that cells early in infection produce many, if not exclusively, L-particles, while

cells in an advanced stage of viral replication produced almost exclusively H-particles. L-parti-

cles were therefore suggested to particularly play a role during the initial stages of PRV infec-

tion in the natural host [6]. Since pDC are of major importance in rapidly producing massive

amounts of IFNα early in infection [21,100], our data suggest that production of L-particles

before H-particles might represent a powerful immune evasion mechanism during the initial

stages of infection.

Altogether, our data reveal a role for PRV gD in the IFN response by pDC and demonstrate

that L-particles interfere with H-particle-induced activation of pDC. The data therefore shed

new light on alphaherpesvirus-induced type I IFN responses, which are of particular impor-

tance to keep these viruses under control.

Supporting information

S1 Fig. Blocking antibodies against nectin-1 do not affect gD-dependent pDC activation by

PRV. PBMC were preincubated for 90min at 4˚C with or without 10μg/mL of nectin-1-block-

ing antibody clone CK24 or the appropriate isotype control, followed by the addition of puri-

fied PRV, CpG or a mock control and incubated at 37˚C. 22h later, the supernatant was

collected and IFNα responses were measured by ELISA. Data shown are relative compared to

the samples without any antibodies (set to 100) for each of two independent repeats.

(TIF)
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72. Ali S, Mann-nüttel R, Schulze A, Richter L, Alferink J. Sources of Type I Interferons in Infectious Immu-

nity: Plasmacytoid Dendritic Cells Not Always in the Driver’ s Seat. Front Immunol. 2019; 10(778):1–

20. https://doi.org/10.3389/fimmu.2019.00778 PMID: 31031767

73. Dalod M, Salazar-mather TP, Malmgaard L, Lewis C, Asselin-paturel C, Brière F, et al. Interferon

alpha/beta and Interleukin 12 Responses to Viral Infections: Pathways Regulating Dendritic Cell Cyto-

kine Expression In Vivo. J Exp Med. 2002; 195(4):517–28. https://doi.org/10.1084/jem.20011672

PMID: 11854364

PLOS PATHOGENS Alphaherpesvirus activation of pDC depends on the viral gD protein and is inhibited by L-particles

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1010117 November 29, 2021 27 / 29

https://doi.org/10.1089/hyb.1991.10.35
http://www.ncbi.nlm.nih.gov/pubmed/2032734
https://doi.org/10.1128/JVI.01259-18
http://www.ncbi.nlm.nih.gov/pubmed/30185590
https://doi.org/10.1099/0022-1317-72-3-661
https://doi.org/10.1099/0022-1317-72-3-661
http://www.ncbi.nlm.nih.gov/pubmed/1848601
https://doi.org/10.1073/pnas.1409485111
http://www.ncbi.nlm.nih.gov/pubmed/25352670
https://doi.org/10.1016/j.virol.2004.10.027
https://doi.org/10.1016/j.virol.2004.10.027
http://www.ncbi.nlm.nih.gov/pubmed/15582661
https://doi.org/10.1099/0022-1317-73-2-269
http://www.ncbi.nlm.nih.gov/pubmed/1311356
https://doi.org/10.1006/viro.1998.9432
http://www.ncbi.nlm.nih.gov/pubmed/9837796
https://doi.org/10.1126/science.1136880
https://doi.org/10.1126/science.1136880
http://www.ncbi.nlm.nih.gov/pubmed/17272685
https://doi.org/10.1038/nm0402-392
http://www.ncbi.nlm.nih.gov/pubmed/11927946
https://doi.org/10.4049/jimmunol.180.11.7525
http://www.ncbi.nlm.nih.gov/pubmed/18490753
https://doi.org/10.1128/JVI.59.2.216-223.1986
http://www.ncbi.nlm.nih.gov/pubmed/3016293
https://doi.org/10.1093/intimm/dxm119
http://www.ncbi.nlm.nih.gov/pubmed/18000008
https://doi.org/10.1182/blood-2005-07-2709
https://doi.org/10.1182/blood-2005-07-2709
http://www.ncbi.nlm.nih.gov/pubmed/16293610
https://doi.org/10.3389/fimmu.2019.00778
http://www.ncbi.nlm.nih.gov/pubmed/31031767
https://doi.org/10.1084/jem.20011672
http://www.ncbi.nlm.nih.gov/pubmed/11854364
https://doi.org/10.1371/journal.ppat.1010117


74. Stout-delgado HW, Yang X, Walker WE, Tesar BM, Goldstein DR. Aging Impairs IFN Regulatory Fac-

tor 7 Up-Regulation in Plasmacytoid Dendritic Cells during TLR9 Activation. J Immunol. 2008;

181:6747–56. https://doi.org/10.4049/jimmunol.181.10.6747 PMID: 18981092

75. Guzylack-Piriou L, Bergamin F, Gerber M, McCullough KC, Summerfield A. Plasmacytoid dendritic

cell activation by foot-and-mouth disease virus requires immune complexes. Eur J Immunol. 2006; 36

(7):1674–83. https://doi.org/10.1002/eji.200635866 PMID: 16783856

76. Jamali A, Hu K, Sendra VG, Blanco T, Lopez MJ, Ortiz G, et al. Characterization of Resident Corneal

Plasmacytoid Dendritic Cells and Their Pivotal Role in Herpes Simplex Keratitis. Cell Rep. 2020; 32

(9):1–17. https://doi.org/10.1016/j.celrep.2020.108099 PMID: 32877681

77. Laval K, Van Cleemput J, Vernejoul JB, Enquist LW. Alphaherpesvirus infection of mice primes PNS

neurons to an inflammatory state regulated by TLR2 and type i IFN signaling. PLoS Pathog. 2019; 15

(11):1–21.

78. Delva JL, Nauwynck HJ, Mettenleiter TC, Favoreel HW. The Attenuated Pseudorabies Virus Vaccine

Strain Bartha K61: A Brief Review on the Knowledge Gathered During 60 Years of Research. Patho-

gens. 2020; 9:1–13. https://doi.org/10.3390/pathogens9110897 PMID: 33121171

79. Diner BA, Lum KK, Javitt A, Cristea IM. Interactions of the antiviral factor IFI16 mediate immune sig-

naling and herpes simplex virus-1 immunosuppression. Mol Cell proteomics. 2015; 14(9):2341–56.

https://doi.org/10.1074/mcp.M114.047068 PMID: 25693804

80. Zheng C. A Tug of War: DNA-Sensing Antiviral Innate Immunity and Herpes Simplex Virus Type I

Infection. Front Immunol. 2019; 10(2627):1–9. https://doi.org/10.3389/fmicb.2019.02627 PMID:

31849849

81. Lebon P. Inhibition of Herpes Simplex Virus Type 1-induced Interferon Synthesis by Monoclonal Anti-

bodies against Viral Glycoprotein D and by Lysosomotropic Drugs. J Gen Virol. 1985; 66:2781–6.

https://doi.org/10.1099/0022-1317-66-12-2781 PMID: 2999320

82. Macleod IJ, Minson T. Binding of Herpes Simplex Virus Type-1 Virions Leads to the Induction of Intra-

cellular Signalling in the Absence of Virus Entry. PLoS One. 2010; 5(3):1–12. https://doi.org/10.1371/

journal.pone.0009560 PMID: 20221426

83. Milne RSB, Connolly SA, Krummenacher C, Eisenberg RJ, Cohen GH. Porcine HveC, a member of

the highly conserved HveC/nectin 1 family, is a functional alphaherpesvirus receptor. Virology. 2001;

281(2):315–28. https://doi.org/10.1006/viro.2000.0798 PMID: 11277703

84. Warner MS, Geraghty RJ, Martinez WM, Montgomery RI, Whitbeck JC, Xu R, et al. A cell surface pro-

tein with herpesvirus entry activity (Hveb) confers susceptibility to infection by mutants of herpes sim-

plex virus type 1, herpes simplex virus type 2, and pseudorabies virus. Virology. 1998; 246(1):179–89.

https://doi.org/10.1006/viro.1998.9218 PMID: 9657005

85. Geraghty RJ, Krummenacher C, Cohen GH, Eisenberg RJ, Spear PG. Entry of alphaherpesviruses

mediated by poliovirus receptor-related protein 1 and poliovirus receptor. Science. 1998; 280

(5369):1618–20. https://doi.org/10.1126/science.280.5369.1618 PMID: 9616127

86. Jaehn PS, Zaenker KS, Schmitz J, Dzionek A. Functional dichotomy of plasmacytoid dendritic cells:

Antigen-specific activation of T cells versus production of type I interferon. Eur J Immunol. 2008; 38

(7):1822–32. https://doi.org/10.1002/eji.200737552 PMID: 18581320

87. Meyer-wentrup F, Benitez-ribas D, Tacken PJ, Punt CJ aFigdor CG, Vries IJM De, et al. Targeting

DCIR on human plasmacytoid dendritic cells results in antigen presentation and inhibits IFN-a produc-

tion. Blood. 2008; 111(8):4245–53. https://doi.org/10.1182/blood-2007-03-081398 PMID: 18258799

88. Tel J, Benitez-Ribas D, Hoosemans S, Cambi A, Adema GJ, Figdor CG, et al. DEC-205 mediates anti-

gen uptake and presentation by both resting and activated human plasmacytoid dendritic cells. Eur J

Immunol. 2011; 41(4):1014–23. https://doi.org/10.1002/eji.201040790 PMID: 21413003
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