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ABSTRACT

Several reports have indicated that natural killer (NK) cells are of particular importance in the innate response against herpesvi-
rus infections. As a consequence, herpesviruses have developed diverse mechanisms for evading NK cells, although few such
mechanisms have been identified for the largest herpesvirus subfamily, the alphaherpesviruses. The antiviral activity of NK cells
is regulated by a complex array of interactions between activating/inhibitory receptors on the NK cell surface and the corre-
sponding ligands on the surfaces of virus-infected cells. Here we report that the US3 protein kinase of the alphaherpesvirus pseu-
dorabies virus (PRV) displays previously uncharacterized immune evasion properties: it triggers the binding of the inhibitory
NK cell receptor CD300a to the surface of the infected cell, thereby providing increased CD300a-mediated protection of infected
cells against NK cell-mediated lysis. US3-mediated CD300a binding was found to depend on aminophospholipid ligands of
CD300a and on group I p21-activated kinases. These data identify a novel alphaherpesvirus strategy for evading NK cells and
demonstrate, for the first time, a role for CD300a in regulating NK cell activity upon contact with virus-infected target cells.

IMPORTANCE

Herpesviruses have developed fascinating mechanisms to evade elimination by key elements of the host immune system, con-
tributing to their ability to cause lifelong infections with recurrent reactivation events. Natural killer (NK) cells are central in the
innate antiviral response. Here we report that the US3 protein kinase of the alphaherpesvirus pseudorabies virus displays a pre-
viously uncharacterized capacity for evasion of NK cells. Expression of US3 protects infected cells from NK cell-mediated lysis
via increased binding of the inhibitory NK cell receptor CD300a. We show that this US3-mediated increase in CD300a binding
depends on aminophospholipids and on cellular p21-activated kinases (PAKs). The identification of this novel NK cell evasion
strategy may contribute to the design of improved herpesvirus vaccines and may also have significance for other PAK- and

CD300a-modulating viruses and cancer cells.

N atural killer (NK) cells are components of innate immunity
and play a central role in the defense against viral infections
and cancer development (1). For herpesviruses in particular,
functional NK cells are crucial for limiting virus spread and dis-
ease symptoms. Indeed, impaired NK cell activity has been asso-
ciated with life-threatening encephalitis caused by the human
alphaherpesviruses herpes simplex virus 1 (HSV-1) and varicella-
zoster virus (VZV) (2—4). Given the strong antiviral potential of
NK cells against herpesviruses in particular, it comes as no sur-
prise that several herpesvirus strategies for evading NK cells have
been discovered (5). Interestingly, and paradoxically, such eva-
sion strategies have been reported mainly for betaherpesviruses
and gammaherpesviruses (5-17), while only three reports to date
have described NK cell evasion strategies for the largest herpesvi-
rus subfamily, the alphaherpesviruses (18-20).

NK cells display on their surfaces a diversity of activating and
inhibiting germ line-encoded receptors that recognize specific li-
gands. This allows NK cells to sense a wide array of alterations in
the surface profiles of target cells (21, 22). Alterations on the sur-
faces of virus-infected cells that may trigger NK cell activity in-
clude increased expression of stress-induced ligands for activating
NK cell receptors and/or suppressed levels of ligands for inhibi-
tory NK cell receptors. The latter is often a consequence of viral
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evasion of cytotoxic T lymphocytes. Indeed, to interfere with
elimination by cytotoxic T lymphocytes, several viruses decrease
levels of major histocompatibility complex class I (MHC I) mol-
ecules, which represent important ligands for the KIR family of
inhibitory NK cell receptors, on the cell surface (23). To tilt the
activating/inhibitory NK cell receptor balance to their own bene-
fit, viruses may encode proteins that suppress the exposure of
ligands for activating NK cell receptors and/or encode viral MHC
I-like proteins that act as decoys for the inhibitory KIR receptors.
Thus far, to our knowledge, there have been no reports on viral
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evasion of NK cells via increased binding of inhibitory NK cell
receptors that do not recognize MHC class 1.

A highly conserved type of inhibitory NK cell receptor that
does not bind MHC class I is CD300a. CD300a, also known as
IRp60, is a 60-kDa glycoprotein belonging to the immunoglobulin
(Ig) superfamily and is characterized by a single V-type Ig-like
domain in the extracellular domain and several immunoreceptor
tyrosine-based inhibition motifs (ITIMs) in the cytoplasmic do-
main (24, 25). CD300a recognizes cell surface-exposed amino-
phospholipids, particularly phosphatidylserine (PS) and phos-
phatidylethanolamine (PE) (26, 27), and the interaction between
CD300a and its ligands suppresses the cytolytic activity of NK cells
(28). The inhibitory receptor CD300a and its lipid ligands are
highly conserved across animal species and have been described in
mammals, birds, and fish (29, 30). To date, no viral strategies for
NK cell evasion that involve CD300a have been described.

Here we report that the US3 protein kinase of pseudorabies
virus (PRV), a porcine alphaherpesvirus, contributes to NK cell
evasion by inducing the binding of CD300a to the infected-cell
surface. This novel alphaherpesvirus mechanism for NK cell eva-
sion may shed new light on the role of CD300a and its ligands in
NK cell and virus biology.

MATERIALS AND METHODS

Viruses and cells. The wild-type (WT) virus PRV NIA3, its isogenic US3-
null mutant, and the restored rescue virus have been described previously
and were kindly provided by the ID-DLO, the Netherlands (31-33). The
wild-type virus PRV Becker, its isogenic US3-null mutant, and a kinase-
negative US3 mutant (D223A) have been described previously and were
kindly provided by Greg Smith (Northwestern University, Chicago, IL)
(34, 35). Porcine SK cells and porcine primary epithelial cells were ob-
tained and cultivated as described previously (19, 36). Mouse P815 cells
were maintained in RPMI medium supplemented with 10% fetal calf
serum (FCS), L-glutamine, and antibiotics (penicillin and streptomycin)
(37). Human HEK293 and HEK293T cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FCS, r-glu-
tamine, and antibiotics (penicillin and streptomycin) (19).

Antibodies and reagents. Antibodies directed against PRV glycopro-
teins gB (mouse IgG2a [mIgG2a]; 1C11) and gD (mIgGl; 13D12) were
kindly provided by H. Nauwynck (Ghent University, Ghent, Belgium)
and have been described previously (38). The mouse monoclonal anti-
body (MAD) raised against PRV US3 was kindly provided by L. Olsen and
L. Enquist (Princeton University, Princeton, NJ). Antibodies KS153
(mIgM) and IT144 (mIgG1), directed against human CD300a, were gen-
erated in the Brescia and Genoa labs, respectively, by immunizing BALB/c
mice with polyclonal interleukin-2 (IL-2)-activated NK cells. Splenocytes
from immunized mice were fused with P3U1 cells, and hybridomas were
selected for their abilities to produce MAbs specifically recognizing
CD300a on human peripheral blood mononuclear cells (hPBMC) and on
cell transfectants. The anti-human CD300a antibody E59/126 (IgG1) was
generated and described previously (24). Mouse monoclonal antibodies
against porcine markers CD3¢ (mlIgG1; PPT3), CD4 (mIgG2b; 72-14-4),
CD8a (mlIgG2a; 11/295/33), and CD172a (I1gG1; 74-22-15) were kindly
provided by E. Cox (Ghent University, Ghent, Belgium) and have all been
described previously (39-41); they were used, and their titers were deter-
mined, on freshly isolated porcine PBMC. Primary antibodies raised
against MHC I (PT85A [mlIgG2a]; VMRD), phosphatidylserine (1H6
[mIgGJ; Millipore), porcine CD16 (G7 [mIgG1]; AbD Serotec), and al-
pha-tubulin (DM1A [mIgG]; Abcam) were purchased. A recombinant
CD300a-Fc chimera was produced as follows. The pcDNA3.1TOPO-
CD300a plasmid, containing the sequence coding for the open reading
frame (ORF) of CD300a, obtained by reverse transcription-PCR (RT-
PCR) starting from human IL-2-activated polyclonal NK cells, was con-
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structed. For this purpose, total RNA was extracted using an RNeasy mini-
kit (Qiagen), and oligo(dT)-primed cDNA was prepared with a
Transcriptor First Strand cDNA synthesis kit (Roche) according to the
manufacturer’s instructions. PCR amplification was carried out with Plat-
inum Taq DNA polymerase (Invitrogen) by using the following primers:
5'-CAAGTGCCGCCTGTGCTG (CD300a ORF up) and 5'-TGGGGCCC
ATGAGAGCTC (CD300a ORF dw). Amplification was performed for
30 cycles (30 s at 95°C, 30 s at 58°C, and 1 min at 68°C). The 969-bp
PCR product was subcloned into the pcDNA3.1/V5-His-TOPO
expression vector (Invitrogen) to construct the pcDNA3.1TOPO-
CD300a plasmid. The nucleotide sequence of the CD300a ORF was
checked using a BigDye Terminator cycle-sequencing kit, version 3.1,
and an ABI Prism 3100 genetic analyzer (Applied Biosystems). Starting
from this pcDNA3.1TOPO-CD300a plasmid, the sequence encoding the
extracellular portion of the human CD300a receptor was amplified using
the following primers: 5'-CAGGGGAACTCGAGAACGGACCATGTGG
CTGCCTTG (CD300a XhoI up) and 5'-GACTAGGATCCAAATGCTGT
GAGTTCACCACCTC (CD300a BamHI dw). Amplification was per-
formed with Platinum Tag DNA polymerase (high fidelity; Invitrogen)
for 20 cycles (30 s at 95°C, 30 s at 58°C, and 1 min at 72°C), followed by
a 7-min elongation step at 72°C. The PCR product was digested with
the Xhol and BamHI restriction enzymes and was subcloned into the
Sall-BamHI-digested pRB1-2B4Fcmut vector (kindly provided by M.
Falco, Istituto Giannina Gaslini, Genoa, Italy) in frame with the sequence
coding for the human IgG1 portion, which was mutagenized to pro-
duce a mutated Fc that does not bind to Fc receptors (mutations
Leu234Ala, Leu235Glu, and Gly237Ala) (42). The pRB1-CD300aFcmut
construct was stably transfected into the HEK293 human embryonic fi-
broblast cell line using FuGene 6 (Roche). Supernatants were collected
from the cell transfectant cultured in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% ultralow IgG fetal bovine serum (Life Tech-
nologies) and 0.5 pg/ml G418 (Calbiochem), and the CD300a-Fc mole-
cule was purified by affinity chromatography using protein A—Sepharose 4
Fast Flow (Amersham Biosciences). Purified protein was checked by SDS-
PAGE, followed by silver staining and enzyme-linked immunosorbent
assays (ELISA) using CD300a-specific MAbs. For flow cytometric analy-
sis, R-phycoerythrin (R-PE)- or Alexa Fluor 647 (AF647)-labeled goat
anti-human antibodies and R-PE- or Cy5-labeled goat anti-mouse anti-
bodies (Life Technologies) were used. R-PE-labeled goat anti-mouse
IgG1, AF647-labeled goat anti-mouse IgG2a, fluorescein isothiocyanate
(FITC)-labeled goat anti-mouse IgG2b (Life Technologies), and goat
anti-mouse IgG MACS (magnetically activated cell sorting) beads (Milte-
nyi Biotec) were used for cell sorting. Horseradish peroxidase (HRP)-
labeled polyclonal goat anti-mouse antibodies (Dako) were used for
Western blot detection.

Infections, transfections, and IPA-3 treatment. SK cells were inocu-
lated in suspension at a multiplicity of infection (MOI) of 10, seeded in
suspension flasks (Sarstedt) at 1.2 X 10° cells/ml, and put on a rocking
platform at 37°C basically as described previously (43). Porcine primary
epithelial cells were grown in 6-well plates (Sarstedt) and were inoculated
the next day at an MOI of 10, and the virus was washed away 2 h postin-
oculation (hpi), as described previously (19). The pcDNA3.1TOPO-
CD300a construct and the corresponding empty plasmid were transiently
transfected into the HEK293T human embryonic fibroblast cell line by
using jetPEI (Polyplus) according to the manufacturer’s instructions.
Cells were treated with the group I PAK (p21-activated kinase) inhibitor
IPA-3 (Tocris) or with dimethyl sulfoxide (DMSO) as a control, as de-
scribed previously (35, 44).

Flow cytometric analysis. Cells were harvested, incubated on ice for
40 min with mouse primary antibodies or recombinant CD300a-Fc (20
pg/ml), and subsequently washed and incubated for 40 min on ice with
R-PE- or Cy5-labeled goat anti-mouse secondary antibodies or with R-
PE- or AF647-labeled goat anti-human secondary antibodies (Life Tech-
nologies). Cells infected with PRV NIA3 strains were consistently stained
using R-PE-labeled secondary antibodies. Cells infected with PRV Becker
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strains, which encode a monomeric red fluorescent protein (mRFP) ex-
pression cassette, were labeled with AF647 or Cy5 to avoid spectral over-
lap. Annexin V binding assays were performed according to the manufac-
turer’s protocol (BD Biosciences). A total of 20,000 living cells were
analyzed after washing by using a FACSAria III cell sorter and FACSDiva
software (BD Biosciences). The live/dead stain Sytox Blue (Life Technol-
ogies) was used to identify living cells. Primary cells were analyzed simi-
larly, but 10,000 living cells were used. For statistical analysis, the mean
fluorescence intensity ratio (MFIR) was calculated by dividing the mea-
sured mean fluorescence intensity (MFI) by the MFI of the respective
isotype control.

Western blotting. Cell lysis was performed on a shaker at 4°C for 1 h
with a lysis buffer containing NP-40 (Roche) and protease inhibitors (Sig-
ma-Aldrich); nuclei were removed by centrifugation (13,000 X g, 10
min); and the protein content was measured using the bicinchoninic acid
(BCA) protein assay kit (Thermo Scientific) (45). Per sample, 20 pg
protein was loaded onto SDS-PAGE gels (10% acrylamide) and was
transferred to a Hybond-P membrane (GE Healthcare), which was
subsequently blocked using 5% milk powder diluted in PBS-T (phos-
phate-buffered saline [PBS] supplemented with 0.1% Tween 20 [Sig-
ma-Aldrich]). Incubations with primary monoclonal antibodies or HRP-
labeled secondary antibodies were performed for 1 h in 5% milk powder
diluted in PBS-T at room temperature. Bands were detected by chemilu-
minescence using the ECL Prime kit (GE Healthcare) and were visualized
by using a ChemiDoc MP imager (Bio-Rad) according to the manufac-
turer’s instructions.

NK cells. Human NK cells were isolated from PBMC using the Roset-
teSep NK cell enrichment kit (Stemcell Technologies), cultured in the
presence of 100 U/ml human IL-2 (hulL2) (Chiron) as described previ-
ously (46), and used within 3 weeks. Porcine primary NK cells were iso-
lated from porcine PBMC by negative MACS depletion and a fluores-
cence-activated cell sorter (FACS) purification step using antibodies
against porcine CD172a, CD3, CD4, and CD8a, as described previously
(19). After isolation, porcine NK cells were incubated for 18 h in the
presence of 40 U/ml hulL2 (Life Technologies). CD16 expression on
sorted cells confirmed =98% NK cell purity. The taking of blood for the
isolation of porcine PBMC was approved by the Ethical Commission of
the Faculty of Veterinary Medicine, Ghent University (EC2013/62).

Cytolytic and antibody redirected killing assays. A flow cytometric
propidium iodide—carboxyfluorescein succinimidyl ester-based assay was
used to quantify NK cell-mediated lytic activity against infected target
cells, as described previously (19). After incubation for 4 h at 37°C with
NK cells, the viability of 5,000 target cells was evaluated by flow cytometry
using propidium iodide (Life Technologies). Unless stated otherwise, cy-
tolytic assays with human NK cells were performed at a target-to-effector
cell ratio of 1:1 and assays with porcine NK cells at a ratio of 1:25. The
percentage of NK cell-mediated lysis was calculated as (% dead targetyx —
% dead target,,,,)/(% dead target,,,imum — % dead target,,,,)»
where % dead targety is the percentage of dead target cells in the
presence of NK cells, % dead target,,,, is the percentage of dead target
cells without the addition of NK cells, and % dead target,,,, imum 1S the
maximal percentage of lysis of the target cells, which was determined by
fixing and permeabilizing the cells, as described previously (19, 47). To
determine the level of CD300a-dependent protection against NK cell-
mediated killing, NK cell-mediated cytotoxicity was evaluated in the ab-
sence or presence of the CD300a-blocking IgM antibody KS153 (10 g/
ml). The percentage of CD300a-dependent protection from NK cell-
mediated lysis was calculated by subtracting the percentage of NK cell-
mediated lysis in the absence of KS153 from the percentage in the presence
of KS153. Antibody redirected killing assays were performed by using the
murine mastocytoma FcyR™ cell line P815 in the presence of either the
medium alone, the anti-CD300a antibody IT144 (mIgGl), an IgG1 iso-
type control antibody, or anti-porcine CD16, and the percentage of NK
cell-mediated lysis was calculated.
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Statistics. Statistical analysis was performed using Prism software
(GraphPad) based on the means and standard errors of the means (SEM)
for atleast three independent replicates using one-way analysis of variance
(ANOVA).

RESULTS

US3 reduces NK cell-mediated lysis of PRV-infected cells. Using
avariety of gene deletion mutants of pseudorabies virus (PRV), we
recently discovered that PRV glycoprotein gD suppresses NK cell
activity via downregulation of CD112, a ligand for the activating
NK cell receptor DNAM-1 (19). Our initial NK cell cytotoxicity
assays with different PRV mutants indicated that US3 may also
display NK cell-evasive properties. To investigate whether PRV
US3 indeed affects the susceptibility of infected cells to NK cell-
mediated lysis, cytolytic assays were performed with SK cells in-
fected with wild-type (WT) PRV, an isogenic US3-null virus, or an
isogenic US3 rescue virus. At 10 hpi, mock-infected and PRV-
infected cells were coincubated with IL-2-primed primary porcine
NK cells for 4 h, and cells were subsequently assessed for viability
by flow cytometry (Fig. 1A). Mock-infected SK cells did not elicit
asignificant cytolytic response from porcine NK cells; the percent-
age of NK cell-mediated lysis was not statistically different from
zero, in line with earlier data (19). Also, as reported previously,
PRV infection triggered porcine NK cell-mediated killing of SK
cells (19). Cells infected with US3-null PRV showed higher sus-
ceptibility to NK cell-mediated lysis than SK cells infected with
WT or US3 rescue PRV. The higher susceptibility of US3-null
PRV-infected cells to NK cell-mediated cell lysis than of WT or
US3 rescue PRV-infected cells was not due to differences in viral
replication (Fig. 1B) or to differences in the abilities of these vi-
ruses to downregulate the expression of MHC I molecules (an
important ligand for various inhibitory NK cell receptors) (Fig.
1C). In addition, NK cell cytotoxicity assays using a PRV strain
expressing a kinase-inactive US3 mutant PRV harboring a point
mutation (D223A) in the conserved aspartate in PRV US3 that
constitutes the catalytic base required for phosphotransfer (34,
35) confirmed that kinase-intact US3 is required to increase the
protection of infected cells against NK cell-mediated lysis (data
not shown).

Because only a limited range of reagents and tools for the in-
vestigation of NK cell activation/inhibition in the porcine system
is currently available, we investigated whether PRV US3 also gen-
erated a protective effect against human NK cells. To this end, the
cytolytic activity of human IL-2-cultured NK cells against mock-
infected SK cells or SK cells infected with WT, US3-null, or US3
rescue PRV was assessed (Fig. 1D). As observed previously, IL-2-
cultured human NK cells lysed mock-infected SK cells to a signif-
icant extent, which is in line with the known xenogeneic response
of human NK cells to porcine cells (48-51). US3-null PRV-in-
fected cells again showed higher susceptibility to NK cell-medi-
ated lysis than wild-type or US3 rescue PRV-infected cells. In con-
clusion, PRV US3 reduces the susceptibilities of infected cells to
both porcine and human NK cells.

PRV US3 enhances resistance to NK cell-mediated killing by
increasing the level of binding of the inhibitory NK cell receptor
CD300a to infected cells. The protective effect of US3 against NK
cell-mediated lysis may result from a modulation of the activating/
inhibitory receptor balance on NK cells. Several inhibitory NK cell
receptors (e.g., KIR receptors) recognize MHC class I molecules
(52). Since we did not observe a difference in MHC class I levels on
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FIG 1 US3 suppresses the susceptibility of PRV-infected cells to porcine and human NK cell-mediated lysis. (A) SK cells were either mock infected or infected
with WT, US3-null, or US3 rescue PRV (NIA3 strain) for 10 h and were subsequently incubated with IL-2-primed primary porcine NK cells at a target-to-effector
cell ratio of 1:25 for 4 h. The viability of target cells was assessed by propidium iodide and flow cytometry, and the percentage of NK cell-mediated lysis was
calculated. Data represent means + SEM for three independent experiments (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). (B and C) SK cells were either mock
infected or infected with WT, US3-null, or US3 rescue PRV for 12 h and were subsequently analyzed by Western blotting for the expression of PRV gB, PRV gD,
PRV US3, and tubulin (B) or assessed for MHC I expression on the cell surface by flow cytometry (C). Data in panel C represent means + SEM for three
independent repeats (**, P < 0.01). (D) SK cells were either mock infected or infected with WT, US3-null, or US3 rescue PRV for 10 h and were subsequently

incubated with IL-2-cultivated human NK cells at a target-to-effector cell ratio of 1:1 for 4 h. The viability of target cells was assessed by propidium iodide and

flow cytometry, and the percentage of NK cell-mediated lysis was calculated. Data represent means + SEM for three independent repeats (*, P < 0.05).

the cell surface between WT and US3-null PRV-infected cells (Fig.
1C), involvement of these NK cell receptors was unlikely. Still, the
fact that US3 provided protection to PRV-infected cells against
both porcine and human NK cells pointed to the potential in-
volvement of highly conserved NK cell receptors and ligands.
CD300a is a highly conserved inhibitory receptor that binds
to the highly conserved ligands phosphatidylserine (PS) and
phosphatidylethanolamine (PE) (29, 30). Therefore, we inves-
tigated whether US3 affects the binding of CD300a to PRV-in-
fected cells. A CD300a-Fc soluble chimeric molecule was used in a
flow cytometric binding assay. As shown in Fig. 2A, SK cells in-
fected with WT PRV or the US3 rescue virus displayed substan-
tially higher levels of binding of recombinant CD300a than US3-
null PRV-infected or mock-infected cells. We then addressed
whether this US3-dependent increase in the binding of CD300a to
PRV-infected cells is involved in the US3-mediated protection
from NK cell-mediated lysis. To this end, cytotoxicity assays
were performed in the presence or absence of the anti-CD300a
blocking MAb KS153. The reactivity and specificity of the
KS153 antibody were confirmed by flow cytometric analysis on
CD300a-transfected 293T cells, and the ability of KS153 to in-
terfere with the binding of CD300a with its ligands was con-
firmed by blocking experiments using the recombinant
CD300a-Fc protein (data not shown). Cytotoxicity assays in
the presence or absence of KS153 allowed us to evaluate the
percentage of CD300a-dependent protection of cells from hu-
man NK cell-mediated lysis (see Materials and Methods). Fig-
ure 2B shows that US3 increases the CD300a-mediated protec-
tion of infected cells against NK cell-mediated lysis. In
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conclusion, PRV-infected cells show a US3-dependent increase
in the level of CD300a binding, and CD300a is involved in the
protective effect of PRV US3 against NK cell-mediated lysis.

The CD300a ligands PS and PE are involved in the PRV US3-
mediated binding of CD300a. Two highly conserved cellular li-
gands, PS and PE, have been identified for the inhibitory NK cell
receptor CD300a (26, 27). To investigate whether these cellular
ligands are involved in the observed PRV US3-dependent increase
in CD300a binding to infected cells, the binding of CD300a-Fc
was assessed in the presence of increasing concentrations of milk
fat globule—EGF factor 8 (MFG-ES8; also known as lactadherin) or
duramycin, agents that have been reported previously to interfere
with the ability of CD300a to bind PS or PE, respectively (26). As
shown in Fig. 3A, the addition of MFG-ES8 resulted in a significant
dose-dependent reduction in the level of CD300a-Fc binding to
PRV-infected SK cells, indicating that PS is involved in the bind-
ing of CD300a to PRV-infected SK cells. Suppression of CD300a
binding was also observed by using duramycin, although the effect
appeared less dose dependent.

The involvement of PS and PE in US3-mediated CD300a bind-
ing suggests that US3 may modulate the cell surface exposure of
these CD300a ligands. No assays to specifically detect PE on the
cell surface have been described. However, PS on the cell surface
can be detected by using the PS-specific antibody 1H6 (28). To
determine whether US3 modulates the cell surface exposure of
PS, mock-infected SK cells or SK cells infected with WT, US3-
null, or US3 rescue PRV were analyzed by flow cytometry using
the anti-PS antibody 1H6. Figure 3B shows that SK cells infected
with WT or US3 rescue PRV indeed expose PS at much higher
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FIG 2 PRV triggers US3-dependent increased binding of the inhibitory NK cell receptor CD300a to the infected-cell surface and increased CD300a-mediated protection
of infected cells against NK cell-mediated lysis. (A) SK cells were infected with WT, US3-null, or US3 rescue PRV (NIA3 strain) for 12 h and were subsequently assessed
by flow cytometry for the binding of recombinant CD300a-Fc (1 pg/sample). (Left) The x axes of histogram plots indicate fluorescence intensity, and vertical lines in
histograms indicate median fluorescence intensity. Dotted-line histograms represent isotype-matched antibody control signals. (Right) The graph shows means + SEM
for three independent repeats (*, P < 0.05; **, P < 0.01; ***, P << 0.001). (B) SK cells were infected with WT, US3-null, or US3 rescue PRV (NIA3 strain) for 10 h and were
subsequently incubated with IL-2-cultivated human NK cells at an effector-to-target cell ratio of 1:1 in the absence or presence of the anti-CD300a antibody KS153. The
viability of target cells was assessed by propidium iodide and flow cytometry. (Left) Percentage of NK cell-mediated lysis; (right) percentage of CD300a-dependent

protection against NK cell-mediated lysis. Data represent means + SEM for three independent repeats (¥, P < 0.05).

levels than SK cells infected with US3-null PRV. Somewhat sur-
prisingly, mock-infected cells also showed substantial PS expo-
sure. Increased PS exposure is one of the hallmarks of apoptotic
cells. In contrast to the results obtained with the PS-binding anti-
body 1H6, however, we did not observe detectable binding of
annexin V, which is widely used to detect surface-exposed PS (for
example, on apoptotic cells) (Fig. 3C). In support of the notion
that the observed antibody 1H6 binding did not point to increased
cell death, Sytox Blue live/dead staining indicated that none of the
conditions (mock infection, WT PRV, US3-null PRV, or US3 res-
cue PRV) resulted in substantial or different quantities of dead
cells. Also in line with this finding, TUNEL (terminal deoxynucle-
otidyltransferase-mediated dUTP-biotin nick end labeling) stain-
ing, which detects apoptotic DNA fragmentation, did not indicate
substantial levels of apoptosis under any condition, or substantial
differences in apoptosis among the conditions (Fig. 3D).

To better assess the potential biological significance of our
findings, we investigated whether PRV US3 expression also led to
increased CD300a binding to porcine primary epithelial cells and
modulated PS exposure on the surfaces of these cells. Figure 4A
and B show that the effects of PRV US3 on CD300a binding to
infected porcine primary epithelial cells and PS cell surface expo-
sure are very similar to the effects observed in the SK cell line.
Again, Western blot analysis confirmed that this US3-induced
phenotype is not caused by differences in virus replication levels
(Fig. 4C). In conclusion, our findings show that PRV US3 triggers
CD300a binding to infected cells and indicate that US3 modulates
PS exposure on the surfaces of infected cells.

1526 jvi.asm.org

Journal of Virology

The kinase activity of PRV US3 and cellular PAKs are re-
quired for increased CD300a binding and modulation of PS ex-
posure on the cell surface. PRV US3 is a viral serine/threonine
protein kinase and can directly phosphorylate and activate cellular
group I p21-activated kinases (PAKs), which are central regulators
in Rac1/CDC42 Rho GTPase signaling and comprise the closely
related kinases PAK1, PAK2, and PAK3 (35, 53). Activation of
group I PAKSs has recently been reported to trigger increased PS
exposure on the cell surface during thrombin-mediated activation
of platelets (54). To investigate a possible involvement of the US3-
PAK signaling axis in increased CD300a binding and the modula-
tion of PS exposure, we first assessed whether the kinase activity of
PRV US3 was required for the effects observed. For this purpose,
the kinase-inactive US3 mutant PRV, which harbors a point mu-
tation (D223A) in the conserved aspartate in PRV US3 that con-
stitutes the catalytic base required for phosphotransfer, was used.
SK cells were either mock infected or infected with WT PRV, iso-
genic US3 kinase-inactive PRV, or isogenic US3-null PRV and
were assessed for the binding of recombinant CD300a and the
modulation of cell surface PS. Figure 5A and B show that cells
infected with PRV expressing kinase-inactive US3 display a phe-
notype similar to that of US3-null PRV-infected cells with regard
to CD300a binding and PS exposure on the cell surface. Western
blot analysis demonstrated similar infection efficiencies for cells
infected with WT, US3-null, and US3 kinase-inactive PRVs (Fig.
5C). The effect of PRV on PS exposure in the assay for which
results are shown in Fig. 5 is somewhat less pronounced than that
in our earlier data (Fig. 3). This mild discrepancy can possibly be
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FIG 3 The CD300a ligands PS and PE are involved in the US3-dependent increased binding of CD300a to the infected-cell surface, and US3 modulates PS cell
surface exposure. (A) SK cells were either mock infected or infected with WT or US3-null PRV (NIA3 strain) for 12 h, incubated with MFG-E8 or duramycin at
the concentrations given, and assessed by flow cytometry for the binding of recombinant CD300a-Fc (1 pg/sample). Data represent means + SEM for three
independent repeats (*, P < 0.05; **, P < 0.01). (B to D) SK cells were either mock infected or infected with WT, US3-null, or US3 rescue PRV (NIA3 strain) for
12 h and were subsequently assessed by flow cytometry for cell surface exposure of PS by using antibody 1H6 (B) or annexin V (C) or for apoptotic DNA
fragmentation by using a TUNEL bromodeoxyuridine (BrdU) assay (D). The x axes of histogram plots indicate fluorescence intensity, and vertical lines in
histograms indicate median fluorescence intensity. Dotted-line histograms represent isotype-matched antibody control signals. Graphs show means + SEM for
three independent repeats (¥, P < 0.05; **, P < 0.01; ***, P < 0.001).
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FIG 4 Modulation of CD300a binding and PS exposure by US3 also occurs in
PRV-infected primary epithelial cells. Porcine primary epithelial cells were
either mock infected or infected with WT or US3-null PRV (NIA3 strain) for
12 h. (A and B) Cells were assessed by flow cytometry for recombinant
CD300a-Fc (1 pg/sample) binding (A) and PS exposure on the cell surface (by
using antibody 1H6) (B). (Left) The x axes of histogram plots indicate fluores-
cence intensity, and vertical lines in histograms indicate median fluorescence
intensity. Dotted-line histograms represent isotype-matched antibody control
signals. (Right) Graphs show means + SEM for three independent repeats (**,
P < 0.01;¥**, P < 0.001). (C) Cells were assessed by Western blotting for the
expression of PRV gB, PRV gD, PRV US3, and tubulin.

attributed to the fact that in the assays to determine the kinase
involvement of US3, PRV strain Becker and isogenic mutants were
used, whereas in the former experiments, the highly virulent field
strain NIA3 (and isogenic mutants) was utilized.

To investigate whether group I PAKs are involved in PRV US3-
mediated effects on CD300a binding and PS exposure on the cell
surface, group I PAKs were inhibited using the selective allosteric
group I PAK inhibitor IPA-3 (44, 55). As shown in Fig. 6A, treat-
ment with IPA-3 abrogated the increase in CD300a binding and
reduced PS cell surface exposure in WT PRV-infected cells and
mock-infected cells to the levels observed in US3-null PRV-in-
fected cells. The inhibitory effects of IPA-3 are not caused by sup-
pressive effects on PRV infection or the expression level of US3, as
indicated by the Western blots shown in Fig. 6B. In conclusion,
these experiments indicate that the PRV US3-mediated increase in
CD300a binding and the modulation of PS exposure on the cell
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FIG 5 The kinase activity of PRV US3 is required for the modulation of
CD300a binding and PS exposure. SK cells were either mock infected or in-
fected with WT PRV, kinase-inactive D223A US3 PRV, or US3-null PRV
(Becker strain) for 12 h. (A and B) Cells were assessed by flow cytometry for the
binding of recombinant CD300a-Fc (1 pg/sample) (A) and for PS exposure on
the cell surface (by using antibody 1H6) (B). (Left) The x axes of histogram
plots indicate fluorescence intensity, and vertical lines in histograms indicate
median fluorescence intensity. Dotted-line histograms represent isotype-
matched antibody control signals. (Right) Graphs show means + SEM for
three independent repeats (¥, P < 0.05; **, P < 0.01; ***, P < 0.001). (C) Cells
were assessed by Western blotting for the expression of PRV gB, PRV gD, PRV
US3, and tubulin.

surface depend on the kinase activity of US3 and on the group I
PAK cell-signaling pathway.

CD300a in primary porcine NK cells. The CD300a receptor is
highly conserved across mammals and recently was also charac-
terized as an inhibitory receptor in birds (29, 30). The natural host
of PRV is the pig, and currently, porcine NK cell receptors are
poorly characterized. The function of CD300a in porcine NK cells
has not yet been addressed.

To assess whether CD300a also serves as an inhibitory receptor
in porcine NK cells, a P815-based antibody redirected killing assay
using porcine NK cells as effector cells was performed. This assay
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FIG 6 Group I PAKs are involved in US3-mediated modulation of CD300a binding and PS exposure. SK cells were either mock infected or infected with WT or
US3-null PRV (NIA3 strain). At 2 hpi, the group I PAK inhibitor IPA-3 (10 pM) or DMSO (as a diluent control) was added. (A) At 12 hpi, cells were assessed by
flow cytometry for the binding of recombinant CD300a-Fc (1 pg/sample) (left) and for PS exposure on the cell surface (by using antibody 1H6) (right). Graphs
show means + SEM for three independent repeats (***, P < 0.001). (B) At 12 hpi, cells were assessed by Western blotting for the expression of PRV gB, PRV gD,

PRV US3, and tubulin.

is typically used to determine the activating or inhibitory nature of
a given NK cell receptor and has been used to demonstrate that
CD300a serves as an inhibitory receptor in human NK cells (24,
28, 56). Murine P815 cells express receptors for the constant (Fc)
domain of IgG antibodies (Fcy receptors) on their surfaces.
Hence, when monoclonal IgG antibodies against particular NK
cell receptors are added to the assay mixture, the antibodies will
bind to their respective receptors on the NK cells via their antigen
binding (Fab) domains and, at the same time, to the Fcy receptors
on the P815 cells via their Fc domains, thereby bridging the NK
cells and P815 cells. Depending on whether the antibody recog-
nizes an activating or an inhibitory NK cell receptor, this antibody
bridging will trigger increased or decreased NK cell-mediated lysis
of P815 cells, respectively. In the case of IgG antibodies directed
against CD300a, this assay results in reduced killing of P815 cells
by human NK cells (24, 28, 56).

Here (Fig. 7) a similar redirected killing assay was performed
using primary porcine NK cells instead of human NK cells to
evaluate the cross-reactivity of the anti-human CD300a antibody
IT144 with the porcine CD300a homologue and to determine
whether, as in human NK cells, CD300a serves as an inhibitory
receptor in porcine NK cells. The redirected killing assay was per-
formed in the presence of either mouse monoclonal IgG1 anti-
body 1T144, directed against huCD300a, an isotype-matched
mouse IgG1 control antibody, a mouse monoclonal IgG1 anti-
porcine CD16 antibody (which generates an activating effect on
NK cells), or medium alone, and the percentage of NK cell-medi-
ated lysis of P815 cells was calculated. Figure 7 shows that, as
reported previously (57), the porcine CD16 receptor serves as an
activating NK cell receptor, since triggering of CD16 resulted in
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substantially increased porcine NK cell-mediated killing of P815
cells. Importantly, the CD300a-directed antibody triggered signif-
icant inhibition of porcine NK cell-mediated lysis of P815 cells
compared to lysis with the isotype-matched control or medium
alone, indicating that in the porcine system also, CD300a serves as
an inhibitory NK cell receptor.

DISCUSSION

In the current report, we describe a previously uncharacterized
viral strategy for evading NK cells and reveal the involvement of
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FIG 7 Porcine NK cells express a functional homologue of the inhibitory NK
cell receptor CD300a. An antibody redirected killing assay using Fc receptor-
bearing P815 cells was performed with IL-2-activated porcine primary NK
cells, at the indicated target-to-effector cell ratios, in the presence of either
medium, anti-CD300a antibody IT144, an anti-porcine CD16 antibody, or an
isotype-matched control antibody. The viability of target cells was assessed by
propidium iodide and flow cytometry, and the percentage of NK cell-mediated
lysis was calculated. Data represent means + SEM for three independent re-
peats (¥, P < 0.05; ***, P < 0.001).
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CD300a in the recognition of virus-infected cells. By using PRV
mutants and specific inhibitors, we demonstrate that this trait
depends on the CD300a ligands phosphatidylserine (PS) and
phosphatidylethanolamine (PE), on the expression of catalytically
intact US3, and on the activation of group I PAKs. Interestingly,
different tumor cell lines have recently been reported to show
increased PS exposure and CD300a binding (28). In addition,
blocking of PS using MFG-E8 enhanced NK cell-mediated killing
of tumor cells, leading to the hypothesis that tumor cells may
subvert NK cell-mediated lysis via increased CD300a binding
(28). Our data, obtained by using CD300a-blocking antibodies,
demonstrate directly, for the first time, that manipulation of
CD300a may indeed represent a bona fide NK cell evasion strat-
egy, indicating that viruses as well as tumor cells may manipulate
this NK cell-inhibitory pathway for their own benefit.

CD300a is expressed not only on NK cells but also on several
other immune cell populations, where it typically functions as an
inhibitory receptor. Thus, CD300a has been implicated in the in-
hibition not only of NK cell activity (24, 28) but also of the activ-
ities of mast cells (58), neutrophils (59), eosinophils (60), and B
and T cells (61, 62). As such, the consequences of viral triggering of
the CD300a inhibitory receptor may stretch beyond the effects on
NK cells described here. On the other hand, CD300a displays sig-
nificant overlap regarding ligand specificity with the closely re-
lated activating receptor CD300c, which is specifically expressed
on monocytes and mast cells (63, 64). Hence, in future research, it
will be interesting to study whether the US3-mediated modulation
of CD300a binding has consequences for other immune cells and
whether or not US3 also affects CD300c binding.

The polar lipid PS and the neutral lipid PE have been described
as the main CD300a ligands (26). Both PS and PE are typically
distributed asymmetrically in the plasma membrane lipid bilayer
and are enriched at the inner, cytoplasmic leaflet (65). Although
externalization of PS is a hallmark of early stages of apoptosis,
there is increasing evidence that cells may also show PS exposure
independently of programmed cell death, as exemplified by re-
ports on apoptosis-independent PS exposure on tumor cells and
during activation of mast cells, B cells, T cells, and platelets (28,
66-70). Also along these lines, apoptosis is considered to trigger an
eat-me signal for phagocytosis, and PS exposure was found not to
be sufficient to induce this process in vivo (71). Our results are in
line with the possibility that under certain circumstances, PS ex-
posure may be independent of apoptotic cell death. Although we
observed PS exposure by using the PS-specific antibody 1HS6, this
was not accompanied by an obvious apoptotic cellular phenotype,
since we did not detect differences in viability (using the Sytox
Blue dead/live marker) and apoptotic DNA fragmentation (using
the TUNEL assay). Remarkably, antibody 1H6 reactivity was not
accompanied by increased binding of annexin V, a reagent com-
monly used to detect PS exposure. The reasons underlying the
differential reactivity between annexin V and 1H6 are currently
unclear. One could argue that 1H6 may not specifically bind PS.
However, several reports indicate that antibody 1H6 specifically
binds to PS and not to other lipids (72-74). Nevertheless, we can-
not formally rule out the possibility that 1H6 binds another lip-
id(s) in the cell membrane that is modulated by PRV US3 during
infection. Irrespective of whether this is the case, we found that
exposure of 1H6-reactive lipids is not sufficient to trigger substan-
tial recombinant CD300a binding. Indeed, mock-infected cells
showed a level of 1H6 reactivity comparable to (and sometimes
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even higher than) that observed for PRV-infected cells but, unlike
PRV-infected cells, did not show significant CD300a binding.
Hence, additional CD300a ligands appear to be involved in US3-
triggered CD300a binding. This is in line with the findings of our
blocking assays, which showed that not only the PS-blocking re-
agent MFG-E8, but also the PE-blocking agent duramycin, sup-
pressed the US3-mediated increase in CD300a binding. Also in
line with the view that additional ligands may be involved in the
binding of CD300a to cells, we found that US3-null PRV-infected
cells, which do not show obvious reactivity with the anti-PS anti-
body 1H6, display a level of CD300a binding comparable to that of
mock-infected cells. Functional recognition reporter assays indi-
cated that CD300a may bind more strongly to PE than to PS (26,
64, 75). This could account for the discrepancies in the observed
correlation of CD300a binding and PS exposure. Unfortunately,
due to the lack of reagents for the detection of PE, potential dif-
ferences in PE exposure between mock-, WT PRV-, and US3-null
PRV-infected cells could not be assessed. In any case, our data
suggest that US3 expression affects the cell surface exposure of
CD300a ligands, which are associated with substantially increased
CD300a binding.

We showed previously that PRV US3 directly phosphorylates
and thereby activates group I p21-activated kinases, critical down-
stream effectors of the Cdc42/Racl signaling pathways (35). Here
we report that inhibition of group I PAK activity inhibits the abil-
ity of US3 to trigger increased CD300a binding or modulate PS
exposure. Group I PAK activity has been reported previously to be
critically involved in PS exposure during platelet activation (54).
Our current data therefore suggest that group I PAKs may be
linked to PS exposure/CD300a binding in different cell types. In
this context, it is interesting that several viruses, including HIV,
have been reported to trigger group I PAK activity (76) and may
therefore modulate effects similar to those we describe here. In
line with this, several viruses have been reported to trigger the
exposure of aminophospholipids, such as PS (77). This has been
speculated to enable viruses to evade immune recognition and
dampen inflammatory responses to infection (77). Our current
report demonstrates that viral manipulation of the exposure of
phospholipids, such as PS, may indeed allow viruses to subvert
important components of the antiviral immune response. Target-
ing of aminophospholipid exposure and signaling pathways, such
as those mediated by group I PAKs, and identification of the viral
factors that trigger these events may therefore hold promise as
therapeutic strategies for viral diseases (76, 77). The viral US3
protein kinase may be of particular interest in this respect, since it
is an important alphaherpesvirus virulence factor, and since US3
does not appear to be closely related genetically to any known
cellular kinase, which may make it an attractive candidate to target
for the development of antiviral drugs (78).

Interestingly, PRV strains lacking the US3 protein kinase show
substantially reduced virulence in pigs (79-81). Despite this atten-
uation, pigs infected with US3-null PRV were protected against
clinical signs upon challenge infection with a virulent wild-type
virus (79, 80). Although further studies will be needed to elucidate
how attenuated US3-null PRV may generate a protective immune
response, our current findings on the immune evasion properties
of the US3 protein may be significant in this context.

Our findings may also have relevance for cancer therapy, since
several types of cancer have been associated with upregulated
group I PAK activity and nonapoptotic PS exposure (82—-84). Our
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observation that noninfected primary epithelial cells are substan-
tially recognized by the PS-binding antibody 1H6 may indicate
that perhaps caution should be exercised in targeting PS for anti-
cancer or antiviral therapy (82). We found that, despite showing
similar binding of 1H6, PRV-infected cells show substantially
higher levels of CD300a binding than mock-infected cells. Com-
bined with the observation that several types of cancer cells also
display substantially increased CD300a binding (28, 77), this may
indicate that targeting CD300a binding may be a more stringent
strategy for identifying virus-infected or tumor cells than target-
ing PS exposure.

Finally, our data indicate that, as in humans and other mam-
mals, CD300a serves as an inhibitory receptor in swine. Several
studies have reported that the CD300 receptor family is highly
conserved across multiple species (29, 30). This is particularly true
for CD300a, as illustrated by its recent identification and charac-
terization in chickens, where it shows inhibitory activity and af-
finity for PS and PE, as described for mammals (30). Our data also
indicate that the human inhibitory NK cell receptor CD300a rec-
ognizes porcine cells, suggesting that, under certain circum-
stances, human CD300a can be involved in the recognition of
porcine cells, which may be relevant to the study of the human NK
cell response to pig xenografts.

In conclusion, we report a novel alphaherpesvirus strategy for
evading NK cells, consisting of US3-dependent increased binding
of the inhibitory NK cell receptor CD300a, which is orchestrated
by group I PAK activity and phospholipids such as PS and PE. Our
data provide novel insights in alphaherpesvirus and CD300a biol-
ogy and may have implications for antiviral and antitumor thera-
pies.
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