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Human cytomegalovirus (HCMV) is known to carry host cell-derived proteins and mRNAs whose role in cell
infection is not understood. We have identified a phospholipase A2 (PLA2) activity borne by HCMV by using
an assay based on the hydrolysis of fluorescent phosphatidylcholine. This activity was found in all virus strains
analyzed and in purified strains. It was calcium dependent and was sensitive to inhibitors of cytosolic PLA2
(cPLA2) but not to inhibitors of soluble PLA2 or calcium-independent PLA2. No other phospholipase activity
was detected in the virus. Purified virus was found to contain human cellular cPLA2�, as detected by
monoclonal antibody. No homology with PLA2 was found in the genome of HCMV, indicating that HCMV does
not code for a PLA2. Decreased de novo expression of immediate-early proteins 1 and 2 (IE1 and IE2),
tegument phosphoprotein pp65, and virus production was observed when HCMV was treated with inhibitors
of cPLA2. Cell entry of HCMV was not altered by those inhibitors, suggesting the action of cPLA2 was
postentry. Together, our results indicate a selective sorting of a cell-derived cPLA2 during HCMV maturation,
which is further required for infectivity.

Human cytomegalovirus (HCMV) is a � herpesvirus that
causes lifelong infection (27). Coevolution of the virus and host
under strict immune pressure has directed the virus to develop
many subversion mechanisms (3, 29). How HCMV takes ad-
vantage of the host’s environment begins to be understood
(13). These events include activation of NF-�B; extracellular
signal-regulated kinases (ERK); transcription of Fos, Jun, and
Myc; perturbation of the cell cycle (reviewed in reference 13);
and increases of cellular mRNAs (36, 37). One of the mecha-
nisms used by HCMV to exploit cellular metabolism could be
the uptake of host proteins and RNA during virus maturation
(9, 16, 21, 23, 24, 32, 34). However, a precise role for transport
of cell-derived material by HCMV has not been determined up
to now.

Phospholipase A2 (PLA2) comprises a family of enzymes
that catalyze the hydrolysis of phospholipids at their sn-2 po-
sition, leading to the formation of fatty acids and lysophospho-
lipids. Fatty acids such as arachidonic acid are transformed
into prostanoids, which are mediators of inflammation,
through the action of cyclooxygenases (31). Cytosolic PLA2s
(cPLA2s) are members of the expanding superfamily of PLA2s
(19, 31). Three isoforms of cPLA2 (�, �, and �) have been

described (31). The three isoforms share homology, but only
cPLA2� and cPLA2� have a Ca-dependent lipid-binding do-
main and thus are calcium dependent. They translocate to the
nucleus and endoplasmic reticulum membranes upon activa-
tion (19).

Most viruses modify the host cellular environment in order
to maximize virus replication. Perturbations of cellular metab-
olism by HCMV include the induction of cPLA2 and cyclooxy-
genase 2 (COX-2) mRNAs (36, 37) and increase of cPLA2
activity in cells (1, 2, 25, 30). Inhibition of COX-2 blocks
HCMV replication by decreasing immediate-early protein 2
(IE2) synthesis, which clearly emphasizes the role of this path-
way in infection (37). Pathogens such as Escherichia coli (12)
and Toxoplasma gondii (15) have been reported to depend on
their host’s cPLA2 activity for infection. Some viruses have
been shown to code for their own lipolytic enzymes. For ex-
ample, the major envelope protein of vaccinia virus, p37, ex-
hibits multiple lipolytic activities (5, 7). It has been recently
reported that a parvovirus contains a soluble PLA2 (sPLA2)-
type activity encoded by the virus itself (14, 35).

Based on the observations that HCMV carries several cell-
derived proteins and that PLA2s are important in infections by
several pathogens, we made the hypothesis that HCMV could
bear such activity. Our study reveals the presence in HCMV of
a cPLA2 that is of cellular origin and is not encoded by the
virus itself. This is the first description of a PLA2 selectively
taken up from host cells by a virus, which is important to
further infect target cells.

(This work was presented as an abstract at the 9th Interna-
tional Cytomegalovirus Workshop, abstr. J02, p. 80, Maas-
tricht, The Netherlands, 20 to 25 May 2003.)
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pan, 31059 Toulouse Cedex, France. Phone: 33 561 77 94 11. Fax: 33
561 77 94 01. E-mail: record@cict.fr. Mailing address for J.-L. Dav-
ignon: INSERM U563, Toulouse, CPTP, Institut Claude de Préval,
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MATERIALS AND METHODS

Reagents. 2-Decanoyl-1-{O-[11-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-
s-indacene-3-propionyl)amino]undecyl}-sn-glycero-3-phosphatidylcholine (BODIPY-
PC) was from Molecular Probes, and 1-acyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-
4-yl)amino]hexanoyl]-sn-glycero-3-phosphatidylcholine (NBD-PC) was from
Avanti Polar Lipids. Both were used at 6 �M. Methyl arachidonyl fluorophos-
phonate (MAFP) irreversible inhibitor of group IV cPLA2 (Ca2�-dependent
PLA2) was obtained from Calbiochem. E-6-(Bromomethylene) tetrahydro-3-
(1-b naphthalenyl)-2H-pyran-2-one (HELSS [haloenol lactone suicide substrate]
ST-340), an irreversible inhibitor of Ca2�-independent PLA2, and Manoalide
(EI-177), an irreversible inhibitor of human sPLA2, were purchased from Bi-
omol Research Laboratories. Indoxam and pyrrolidine 1 were kindly supplied,
respectively, by Gerard Lambeau, IPMC, UMR 6097, Centre National de la
Recherche Scientifique, Sophia-Antipolis, France, and Michael Gelb, Depart-
ment of Chemistry and Biochemistry, University of Washington, Seattle. All
inhibitors were used at 10 �M.

Antibodies. Anti-cPLA2 monoclonal antibody (MAb) SC-1724 was a generous
gift from J.-S. Saulnier-Blache (INSERM U317, Toulouse, France). Anti-pp65
(1C3) was purchased from Argene-Biosoft, Varilhes, France, and anti-IE1 and -2
(E13) were a generous gift from M.-C. Mazeron (Lariboisière Hospital, Paris,
France). Anti-�-actin (AC-15) was from Sigma. Secondary antibodies were cou-
pled to either peroxidase (Amersham Biosciences Europe, Orsay, France) or
rhodamine (Beckmann Coulter, Roissy, France).

Cell culture. MRC5 (BioMerieux, France) fibroblasts were grown in Dulbec-
co’s modified Eagle’s medium, containing 10% fetal calf serum (FCS) and sup-
plemented with sodium pyruvate (1 mM), penicillin (100 IU/ml), streptomycin
(100 �g/ml), and L-glutamine (2 mM) (DMEM-FCS) (Gibco BRL, Life Tech-
nologies, Cergy-Pontoise, France) at 37°C in a humidified incubator containing
5% CO2.

Virus. The HCMV strains used were AD169 (purchased from the American
Type Culture Collection), Towne (kindly provided by S. Michelson, Institut
Pasteur, Paris, France), Toledo (kindly provided by J. Nelson, University of
Portland, Portland, Oreg.), and TB40/E (kindly provided by C. Sinzger, Univer-
sity of Tübingen, Tübingen, Germany).

Preparation of virus stocks. Subconfluent (60%) MRC5 cells were infected
with HCMV laboratory strain AD169, Toledo, Towne, or TB40/E at a multiplic-
ity of infection (MOI) of 0.01. HCMV TB40/E was passaged on endothelial cells,
and stocks were prepared on MRC5 cells for no more than 4 rounds. Fourteen
days later, virus was collected from cleared medium. Virus titration was per-
formed as described previously (22). Briefly, supernatants were diluted and used
to inoculate a monolayer of MRC5 cells in DMEM-FCS. After 24 h, the medium
was replaced with 0.8% agarose in DMEM-FCS, and the culture was continued
for 7 to 10 days until plaques were clearly observed. The monolayer was then
fixed in 10% formaldehyde and stained with 0.05% methylene blue, and the
plaques were counted under an inverted microscope.

Purified laboratory strain AD169 was purchased from ABI (Columbia, Md.).
The Towne strain was purified by sorbitol gradient as previously described (21).
Briefly, supernatants recovered from infected human fibroblasts were collected
when the cytopathic effect was 100% and centrifuged to eliminate the cell debris.
After an overnight incubation with 5% (wt/vol) polyethylene glycol 8000 at 4°C
and slow agitation, the supernatant was centrifuged and the pellet was washed
twice with phosphate-buffered saline (PBS), resuspended in TBS (0.05 M Tris-
HCl, pH 7.4, 0.15 M NaCl), and subjected to sorbitol gradient (40 to 70%)
purification (58,750 � g at 4°C). The viral “ring” recovered was pelleted, resus-
pended in TBS, and used or frozen at �80°C.

Western blotting. HCMV (3 �108 PFU) was washed three times by ultracen-
trifugation (100,000 � g, 30 min) in 50 mM Tris (pH 7.3)–2.5 mM CaCl2
(washing buffer). The virus pellet was solubilized in lysis buffer (20 mM Tris, pH
7.5, 1% Triton X-100, 10% glycerol, 10 mM NaCl, 5 mM MgCl2, 1 mM EDTA,
protease inhibitor cocktail from Sigma) plus sonication (30 s). Lysates were
cleared by centrifugation (15 min at 13,000 rpm at 4°C). MRC5 cells were
harvested and lysed with lysis buffer. Proteins were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (10% polyacrylamide),
blotted to nitrocellulose membrane, and incubated with antibodies against
cPLA2, pp65, IE1 and IE2, and �-actin. Detection was performed with peroxi-
dase-conjugated secondary antibodies (Amersham Biosciences Europe) and the
ECL enhanced chemiluminescence detection kit (Amersham Biosciences Eu-
rope).

In some instances, separation of cytosol and membrane fractions with Triton
X-114 was performed. Cells and virus were harvested and lysed in 20 mM Tris,
pH 8, 10 mM NaCl, 5 mM MgCl2, 1 mM EDTA, with 1 mM dithiothreitol
(DTT), 1% Triton X-114, and protease and phosphatase inhibitors (Sigma) as

described above. Membrane and cytosolic proteins were separated in two phas-
es—i.e., supernatant (containing cytosolic proteins) and pellet (containing mem-
brane proteins)—by Triton X-114 partitioning at 30°C, as described by Bordier
et al. (8), and were separated on an SDS-PAGE (10% polyacrylamide) and
blotted to nitrocellulose membranes. Nitrocellulose membranes were then incu-
bated with antibodies against cPLA2. Detection was performed as described
above.

Evaluation of phospholipase activity of HCMV. PLA2 activity was measured
with a fluorescence-based assay. We have developed for PLA2 a sensitive
method based on that described by Kemken et al. (20) for phospholipase D
(PLD) detection, which utilizes a PC substrate containing either a BODIPY or
NBD moiety, respectively, at the sn-1 and sn-2 position of the glycerol backbone.

Incubation of virus with lipids and lipid extraction. When crude preparations
of virus were used, HCMV (106 PFU) was washed three times by ultracentrifu-
gation in 50 mM Tris (pH 7.3)–2.5 mM CaCl2 (washing buffer) or calcium- and
magnesium-free PBS (PBS CMF) depending on the assay, and resuspended in 1
ml of PBS containing the fluorescent lipid, and incubation was performed for 30
min at 37°C.

Purified virus was used according to the concentration of total proteins. Virus
was incubated for 30 min at 37°C with BODIPY-PC and NBD-PC (both 6 �M).
Reaction was terminated by adding 1 ml of butanol-1, which extracted fluores-
cent products as well. Samples were then vortexed and centrifuged (5 min at
16,000 � g). The aqueous fraction was discarded, and the remaining lipids in the
butanol phase were collected to be analyzed.

TLC and HPLC analyses of PLA2 activity. For thin-layer chromatography
(TLC), samples were dried under N2, resuspended in 20 �l of 1/1 (vol/vol)
chloroform-methanol, and loaded onto TLC plates. TLC was performed either
with 45/45/10 (vol/vol) chloroform-methanol-H2O, when BODIPY-PC was used
as the substrate, or with 65/35/5 (vol/vol) chloroform-methanol-NH4-OH when
NBD-PC was used as the substrate. Fluorescence was revealed under UV light.

When high-performance liquid chromatography (HPLC) separation was per-
formed, each sample was dried under N2 and resuspended in injection solvent,
composed of 50/50/1/0.08 (vol/vol) hexane-isopropanol-acetic acid-triethylamine.
Lipid separation was accomplished by normal-phase HPLC on a LiChrosphere
100 DIOL (5 �m) column (250 by 3 mm) (Cluzeau Info Labo, Ste. Foy La
Grande, France). The analyses were carried out by binary gradient elution with
mobile-phase solvents of 82:17:1 (vol/vol) hexane-isopropanol-acetic acid (sol-
vent A) and 85:14:1 (vol/vol) isopropanol-water-acetic acid (solvent B) at a flow
rate of 0.4 ml/min. Triethylamine (0.08% [vol/vol]) was added to the solvents.
The gradient profile started at 5% for solvent B and was increased to 40%
solvent B in 25 min, after which it was increased to 100% of solvent B in 5 min.
The HPLC column was regenerated by a switch from 100% solvent B to the
initial mobile phase (5% solvent B) within 8 min and maintained at 5% solvent
B for another 20 min. Aliquots (20 �l) of lipid samples were injected onto the
column, which was kept at 45°C in all runs. The HPLC system was interfaced with
a fluorescence detector (SFM 25; Kontron Instruments) set at excitation and
emission wavelengths of 475 and 515 nm, respectively. The detector signal was
recorded and integrated by a personal computer and a chromatography data
software program (KromaSystem 3000; Bio-Tek Instruments Srl). Spontaneous
hydrolysis of NBD-PC and BODIPY-PC, when observed, was 	1.5% in all
experiments and was subtracted from experimental values. Several washes of
virus stocks were performed in all experiments in order to eliminate potential
contaminating PLA2 originating from serum.

Characterization of PLA2 activity. PLA2 inhibitors were used at a concentra-
tion of 10 �M, which was determined to produce optimal effects in preliminary
experiments. Virus was washed three times by ultracentrifugation and resus-
pended in 1 ml of washing buffer. Washed virus (106 PFU) was incubated in the
presence or absence of inhibitor for 15 min at room temperature and then
washed again three times. Fluorescent lipids were then added, and incubation
was performed for 30 min at 37°C.

Evaluation of Ca2� dependency. Virus (106 PFU) was washed in PBS CMF
and incubated for 45 min at room temperature in 1 ml of PBS CMF or PBS
supplemented only with Mg2� (10 mM). When indicated, Ca2� (50 mM) was
added 15 min prior to addition of fluorescent lipids and incubation was per-
formed for 30 min at 37°C.

Confocal microscopy. MRC5 cells were seeded on glass coverslips in six-well
plates (Nunc) at a density of 2.5 � 105 cells/well. At the indicated times, cells
were washed twice with PBS, fixed in PBS with 3% paraformaldehyde for 20 min,
washed, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and then
washed again in PBS. pp65 and IE1 and -2 were detected with specific MAbs
followed by rhodamine-conjugated antimouse immunoglobulin G (IgG) anti-
body (Beckmann Coulter, Roissy, France). Fluorescence was analyzed with a
Zeiss LSM 510 confocal microscope (Zeiss, Jena, Germany) or a Nikon TE200
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inverted fluorescence microscope. Three-dimensional images were reconstructed
by using the API Deltavision software system (Applied Precision).

Sequence analysis. Here, we will briefly sketch the bioinformatic method
PRIAM described in more detail elsewhere (11), for the detection of potential
enzymatic activities, here PLA2, in a fully sequenced genome, here HCMV.
Protein sequences belonging to the cytosolic PLA2 family, as indicated by the
ENZYME database (6), were downloaded from SWISSPROT and used to con-
struct profile position-specific scoring matrices in the following manner: a mul-
tiple alignment is constructed for the cytosolic PLA2 protein sequences, and the
associated profile is a scoring scheme that takes into account the distribution of
amino acids at each alignment position (4). These descriptors are subsequently
used to search the genome under study, using the PSI-BLAST program (4), for
protein sequences sharing sequence similarities with the cPLA2 family. The same
procedure was applied to the proteins corresponding to the sPLA2 family.
Detection of the sPLA2-type activity in parvovirus was used as a positive control
of our analyses.

RESULTS

Detection of PLA2 activity in HCMV. We have used a sen-
sitive assay for PLA2 activity detection that utilizes fluorescent
PC substrates (i.e., BODIPY-PC and NBD-PC), with fluores-
cent moiety labeled fatty acids, respectively, on the sn-1 and
sn-2 positions. Cleavage of these substrates by PLA2 liberates
fluorescent compounds, BODIPY-LPC and NBD-hexanoic
acid, respectively, that can be readily separated from the un-
cleaved substrate when run on HPLC, and quantified. Figure 1
shows the resulting PLA2-specific metabolites upon incubation
with washed AD169 HCMV. HPLC analysis of hydrolysis of
BODIPY-PC and NBD-PC by HCMV revealed peaks with the
same retention times as standard LPC (32 min) and hexanoic
acid (12 min), respectively (Fig. 1). Therefore, a PLA2 activity
was detected in HCMV upon incubation with these fluorescent
substrates. Interestingly, no other type of phospholipase activ-
ity was detected. Fluorescent substrates can also be hydrolyzed
by PLC and PLD, but neither diglycerides nor phosphatidic
acids were recovered in any experiment (Fig. 1).

We then tested whether the hydrolysis of fluorescent sub-
strate BODIPY-PC was dependent on the time of incubation
and the amount of HCMV added. Figure 2A shows that cleav-
age of BODIPY-PC was detectable as early as 10 min postin-
cubation and reached a plateau after 60 min of incubation.
With regard to the quantity of virus, there was a linear rela-
tionship between the number of PFU and the amount of LPC
obtained from the hydrolysis of BODIPY-PC as detected by
HPLC (Fig. 2B). The specific activity was 135 nmol/h/mg of
protein. We then tested whether the PLA2 activity of HCMV

FIG. 1. Hydrolysis of fluorescent substrates by HCMV. Represen-
tative HPLC profiles of hydrolysis of BODIPY-PC and NBD-PC by
HCMV (AD169, 106 PFU) after 30 min of incubation at 37°C. Lipid
extraction and HPLC analysis of fluorescent metabolites were per-
formed as described in Materials and Methods.

FIG. 2. Effects of time course, dose of virus, and virus strain on
PLA2 activity of HCMV. (A) Effect of time course on hydrolysis of
BODIPY-PC by HCMV. HCMV (AD169, 106 PFU) was incubated
with BODIPY-PC over a time course of 100 min. (B) Effect of increas-
ing amounts of HCMV on hydrolysis of BODIPY-PC. (C) HCMV was
incubated with BODIPY-PC for 30 min at 37°C. HCMV strains Toledo
(5.105 PFU), TB40/E (2.105 PFU), AD169 (106 PFU), and Towne
(5.105 PFU) were analyzed for hydrolysis of NBD-PC and BODIPY-
PC. Background hydrolysis was substracted from experimental values.
Lipid extraction and HPLC analysis of fluorescent metabolites were
performed as described in Materials and Methods. Data are represen-
tative of three similar independent experiments.
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could be detected in various strains. Both clinical (Toledo and
TB40/E) and laboratory (Towne and AD169) HCMV strains
were shown to bear PLA2 activity (Fig. 2C), thus extending our
initial observation.

Characterization of PLA2 activity. (i) Ca2� dependency. To
characterize the PLA2 activity borne by HCMV, Ca2� depen-
dency was analyzed with high concentrations of Mg2�, which is
known to displace Ca2� from its specific site on cPLA2. Using
BODIPY-PC as a substrate, we showed that Mg2� reproduc-
ibly inhibited the hydrolysis of PC (Fig. 3A). When NBD-PC
was used, we showed that adding an excess of Mg2� completely
abolished NBD-PC hydrolysis (Fig. 3B). In both cases, an ex-

cess of Ca2� restored the hydrolysis of PC. These experiments
further characterized the PLA2 activity as Ca2� dependent.

(ii) pH dependency. The PLA2 activity of HCMV was also
observed by TLC to be pH dependent, as shown in Fig. 3B. The
absence of activity at basic pH 11 was characteristic of cytosolic
PLA2. Further characterization was carried out in subsequent
experiments.

(iii) Use of specific inhibitors. We used specific inhibitors of
various classes of PLA2 to more precisely identify the HCMV-
associated PLA2 activity. Data using specific inhibitors (Fig. 4)
showed that only inhibitors of cPLA2 (MAFP and pyrrolidine
1) but not inhibitors of sPLA2 (indoxam) or calcium-indepen-
dent PLA2 (iPLA2) (HELSS) reduced hydrolysis of fluores-
cent PC. This strongly suggested that HCMV was bearing a
cPLA2. Similar data were obtained with purified AD169 (Fig.
5). Hydrolysis of BODIPY-PC was tested in the presence of
increasing amounts of purified AD169 (Fig. 5A). There was no
spontaneous hydrolysis of substrate in this experiment. The
relatively low percentage of hydrolysis may be explained by the
fact that the purified virus was not infectious and may have lost
part of its PLA2 activity during the purification process. The
specific activity was evaluated at 2.5 nmol/h/mg of protein.
Inhibitors MAFP and HELSS (Fig. 5B) gave results similar to
that of washed AD169 on both BODIPY-PC and NBD-PC.
Thus, a cPLA2 was identified in purified virus.

Sequence analysis. The protein sequences coding for cPLA2
enzymatic activity are synthetically described by a single profile
spanning more than 95% of the cPLA2 isoforms (i.e., the
multiple alignment used to construct the profile spans more
than 95% of the �, �, and � isoforms). No significant sequences
similarities were observed between the predicted proteins of
HCMV (AD169 and Toledo strains) and this profile (e-value
of 
0.1). In addition, an extensive search of the GXSGS motif
known to be a consensus lipase motif characteristic of the

FIG. 3. Calcium and pH dependency of HCMV PLA2 activity.
HCMV (AD169, 106 PFU) was incubated for 45 min at room temper-
ature in the presence of MgCl2 (10 mM). Where indicated, CaCl2 (50
mM) was added prior to incubation of HCMV with BODIPY-PC and
NBD-PC (A). Error bars represent standard deviations of the mean
from three independent experiments. HCMV (106 PFU) was incu-
bated with BODIPY-PC for 30 min at 37°C under different pH con-
ditions. Hydrolysis was tested by TLC (B).

FIG. 4. Effects of inhibitors on PLA2 activity of AD169 HCMV.
HCMV (AD169, 106 PFU) was incubated with MAFP, HELSS, pyr-
rolidine 1, and indoxam. Virus was then washed twice by ultracentrif-
ugation after treatment and incubated with BODIPY-PC and NBD-
PC. Error bars represent standard deviations of the mean from three
independent experiments. Lipid extraction and HPLC analysis of flu-
orescent metabolites were performed as described in Materials and
Methods. One hundred percent relative hydrolysis was used to repre-
sent the hydrolysis of fluorescent substrates observed in the presence
of HCMV. The absolute values ranged from 3 to 7% for NBD-PC and
4 to 12% for BODIPY-LPC.
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cPLA2 family (10, 28) was conducted and gave no convincing
homology: the only HCMV protein sharing this motif, UL57,
shows no sequence similarity with the cPLA2 sequences (e-
value of 
1). In order to exclude potentially unannotated
proteins for this genome, a search was done within the com-
plete HCMV genome, translated in the six possible frames, but
produced no significant results. In contrast, the profile charac-
terizing the sPLA2 activity showed significant homology (e-
value of 	0.05) to the vp1 protein of the parvovirus, with the
identified conserved region clearly surrounding the previously
described HDXXY conserved motif (35). In conclusion, this

sequence analysis excludes a cPLA2 protein encoded by
HCMV or a protein homologous to the known cPLA2 pro-
teins.

Identification of a cPLA2 protein in HCMV. We then tested
the hypothesis that HCMV was carrying a cPLA2 that would
be detected with a MAb specific for cellular cPLA2. As shown
in Fig. 6, Western blots using an antibody specific for human
cPLA2� detected a band that comigrated with the cPLA2
observed in the MRC5 cells, whose infection was used for the

FIG. 5. Analysis of PLA2 activity of purified HCMV. Various con-
centrations of purified HCMV AD169 were incubated with BODIPY-
PC (A). Purified HCMV (AD169, 50 �g) was incubated with MAFP
and HELSS. Virus was then incubated with fluorescent substrates
BODIPY-PC and NBD-PC (B). This experiment is representative of
two separate experiments (the other one was performed on purified
Towne strain; data not shown). Lipid extraction and HPLC analysis of
fluorescent metabolites were performed as described in Materials and
Methods.

FIG. 6. Western blot analyses of cPLA2 in MRC5 cells and
HCMV. Samples (cells, 50 �g; and AD169, 100 �g) were analyzed by
Western blotting with a cPLA2�-specific MAb (A). The presence of
cPLA2� in purified virus (Towne strain; protein amount, 300 �g) was
tested, using a cPLA2�-specific MAb, in comparison with various
amounts of total proteins from MRC5 cells (125, 100, 75, and 50 �g)
(B). Proteins (150 �g/sample) from cells and HCMV (AD169) were
separated in two phases with Triton X-144. Thirty micrograms of
proteins from supernatant (containing cytosolic proteins) and pellet
(containing membrane proteins), respectively, was analyzed in a West-
ern blot with cPLA2�-specific MAb (C).
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production of HCMV stocks (Fig. 6A). Similar data were ob-
tained by using gradient-purified Towne HCMV (Fig. 6B).
Therefore, HCMV bears a cPLA2 that is not encoded by its
genome and is detected by a MAb specific for cellular cPLA2.
Partition of membrane-associated and soluble proteins from
both HCMV and MRC5 cells showed that cPLA2 was con-
tained in the soluble fraction of Triton X-114-treated cell ly-
sates (Fig. 6C). This observation demonstrated that the cPLA2
was not associated with virus membranes, indicating that the
enzyme is likely to be located inside the virus particle. In that
respect, no activity could be detected when intact virus was
incubated with liposomal substrates (not shown). Instead, the
use of permeant fluorescent analogs of PC made the PLA2
activity available to substrates, suggesting an intraviral PLA2
activity.

Role of cPLA2 activity in virus entry. We next explored the
possibility that HCMV cPLA2 might be involved in infection of
cells by monitoring the fate of tegument protein pp65 inside
the cell. pp65 protein is a viral structural protein that is rapidly
translocated to the nucleus of infected cells. We first ascer-
tained that soluble pp65 was not contained in the inoculum.
Several washes routinely performed before and after treatment
with cPLA2 inhibitors (see Materials and Methods) completely
abolished detection of soluble pp65 in the inoculum (data not
shown), as was previously described for IE1 (22). Figure 7A
depicts the intranuclear immunofluorescence staining of pp65
after 12 h of infection (MOI � 3). Preincubation of HCMV
with the irreversible cPLA2 inhibitors MAFP (Fig. 7B) and
pyrrolidine 1 (Fig. 7C) dramatically reduced the intensity and
the number of cells expressing pp65, while incubation with
HELSS (Fig. 7D) and indoxam (Fig. 7E) had no effect. Similar
results were observed up to 96 h postinfection (data not
shown). As a control, electron microscopy experiments showed
that treatments with the previously mentioned inhibitors had
no effect on virus morphology (data not shown).

To determine whether cPLA2 was involved in virus entry, we

monitored tegument pp65 protein as a marker of virus entry.
We used a higher MOI (100 PFU/cell) in order to be able to
visualize pp65 in the cytoplasm shortly after virus entry (Fig.
8A). Pretreatment of HCMV with MAFP did prevent translo-
cation of pp65 into the nucleus but not its entry into the
cytoplasm, as observed by confocal microscopy (Fig. 8B). It
must be stressed that controls were performed to exclude the
presence of soluble pp65 in our virus preparations, as already
published for IE1 (22). The presence of pp65 in cells was
therefore likely to be due to virus entry. To further control that
the detection of pp65 was indeed reflecting the entry of virions,
the presence of viral DNA in the cytoplasm was verified by
using 4�,6�-diamidino-2-phenylindole (DAPI)-labeled HCMV.
Figure 8D shows intense intracellular DAPI staining, as ob-
served with a deconvolution microscope, in comparison with a
phase-contrast image of the same field (Fig. 8C). It is note-
worthy that when using DAPI-labeled HCMV, staining showed
leakage of free DAPI to the nucleus as well. This nuclear
staining was not due to labeling of viral DNA, but rather of cell
DNA, since control experiments performed at 4°C (thus not
allowing for virus entry) showed the same pattern (data not
shown). Staining of both cellular and viral DNA was thus
conveniently used to control that the detection of viral DNA
was indeed in the same focal plan as the nucleus (i.e., intra-
cellular). The amount of cytoplasmic viral DNA underwent no
modification when HCMV was treated with MAFP (Fig. 8F
versus phase-contrast microscopy in Fig. 8E). Altogether, these
experiments demonstrated that the role of HCMV-borne
cPLA2 was at a postentry step.

Those experiments suggested that cPLA2 was involved in
infection of cells. Extensive washes of virus following treatment
with MAFP and pyrrolidine 1 were used to avoid carryover of
inhibitor, which could interfere with the host cell cPLA2. Nev-
ertheless, we performed control experiments to exclude this
possibility. First, HCMV was treated with MAFP and mixed
with untreated HCMV. Figure 9A shows that under such con-
ditions, infection was similar to what was observed with un-
treated HCMV (Fig. 9B) as measured by IE1 and IE2 expres-
sion. As expected, MAFP-treated HCMV did not infect MRC5
cells (Fig. 9C). Therefore, inhibition of infection by MAFP was
strictly limited to HCMV placed in the presence of inhibitor,
and there was no carryover of inhibitor. To totally exclude that
residual MAFP might interfere with cellular PLA2, we incu-
bated MRC5 cells with MAFP-treated HCMV and measured
cellular PLA2 activity. Figure 9D shows that this treatment had
no effect on the cellular PLA2 activity. As a control, incubation
of MRC5 cells with MAFP inhibited cellular PLA2 activity by
76%. This demonstrated that the inhibitory effect of MAFP
was not at the cell level but rather at the level of HCMV.

Role of HCMV PLA2 activity in the production of viral
proteins and of virus progeny. We further looked at the ex-
pression of viral proteins IE1, IE2, and pp65 in Western blots
as markers of progression of infection. As seen in Fig. 10,
incubation of HCMV with MAFP induced a dramatic decrease
of IE1, IE2, and pp65 altogether. This effect was observed
during the whole duration of the assay (96 h). Expression of
IE1 and IE2 was not affected by HELSS, except at 12 and 48 h
postinfection. This may be due to a different amount of loaded
proteins, as suggested by the actin control. However, pp65
expression was not affected by HELSS, and the slight decrease

FIG. 7. Infection of cells by HCMV is dependent on cPLA2.
MRC5 cells were seeded on glass coverslips in six-well plates (2.5 �
105/well), deprived of FCS for 16 h, and infected for 12 h with HCMV
(AD169, MOI � 1) in the absence of inhibitors (A). Preincubations of
HCMV with PLA2 inhibitors MAFP (B), pyrrolidine 1 (C), HELSS
(D), and indoxam (E) were used to assess for PLA2 dependency. Cells
were then stained with specific anti-pp65 MAb. Detection of nuclear
pp65 expression was observed with a confocal microscope (original
magnification, �60).
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of IE1 and IE2 did not have any influence on virus production
whatsoever (see below). The inhibition of virus entry by inhib-
itors of cPLA2 correlated well with inhibition of HCMV pro-
tein synthesis. Thus, HCMV cPLA2 is crucial in the steps of
infection required for synthesis and expression of viral pro-
teins.

We then tested whether inhibition of infection was reducing
the production of virus progeny. HCMV was thus treated with
MAFP, pyrrolidine 1, HELSS, or indoxam; washed; and used
to infect MRC5 cells. The production of HCMV was then
measured in a plaque assay. We observed that MAFP totally
abolished virus production while inhibitors of iPLA2 and
sPLA2 had no effect (Fig. 11). Pyrrolidine 1 had the same
effect as MAFP at day 4 postinfection and inhibited virus
production by 2 logs at day 11 postinfection.

DISCUSSION

In this study, we have identified the presence of a cell-
derived cPLA2 in HCMV. The enzymatic activity of this
cPLA2 was required for infection of cells, since its inhibition
resulted in the decrease in viral protein synthesis and virus
titers. The dependency of infection on cPLA2 was localized at
a post-cell-entry step. Our observation represents an important
subversion mechanism of cell metabolism used by HCMV to
infect cells.

We have used a sensitive technique taking advantage of
soluble fluorescent PC substrate (18, 20). This approach
proved to be much more sensitive than the otherwise used
liposome technique (30). It appears that the substrate had to
penetrate the virus to allow the monitoring of phospholipase
activity. This has been possible with the permeant fluorescent
PC used in this study. The PLA2 detected in HCMV could be
ascribed to the cPLA2 family for several reasons: (i) depen-
dency on Ca2�, (ii) pH dependency, (iii) inhibition by specific
inhibitors of cPLA2, and (iv) more precisely, among the cPLA2
family, the fact that identification of cPLA2� relied on its
detection by a specific anti-cPLA2� MAb and its apparent
molecular weight (19). The absence of homology of open read-
ing frames encoded by HCMV with any motif characteristic of
PLA2 strongly argues in favor of a cellular origin of the
cPLA2� carried by HCMV. Since no other phospholipase ac-
tivity was detected in virus preparations, it is likely that the
cPLA2 activity detected results from a selective sorting of
proteins from the host cell during HCMV maturation. This
sorting could be subsequent to the presence of virion proteins
engaging in a strong interaction with the host cell cPLA2.
Selective sorting also rules out a possible passive contamina-
tion of virus preparations by host cell PLA2 proteins.

Inhibitors of cPLA2 did not prevent entry of pp65 and viral
DNA into cells. Since (i) no free pp65 was found in washed
virus preparations and (ii) entry of pp65 in cells correlated with
entry of viral DNA, we concluded that the importance of
cPLA2 in infection was at a postentry step. This is in accor-
dance with experiments using Triton X-114, which showed that
the cPLA2� is not associated with virion envelope. However,
additional experiments are required to test whether the inhi-
bition of infection is related to inhibition of nuclear transloca-
tion of virus genetic material.

The involvement of cellular PLA2 activities in infections has

FIG. 8. The role of cPLA2 in infection is at a postentry step. MRC5
cells were seeded on glass coverslips in six-well plates (2.5 � 105/well),
deprived of FCS for 16 h, and incubated for 1 h at 4°C with HCMV
(AD169, MOI � 100) untreated (A) or treated (B) with MAFP.
Unadsorbed virus was removed with PBS, and cells were further in-
cubated at 37°C for 4 h. Staining was performed with anti-pp65 MAb
and observed by confocal microscopy (original magnification, �60).
For panels C to F, MRC5 cells were treated as described for panels A
and B, except that DAPI was used to visualize viral DNA. Shown are
the phase and DAPI fluorescence pictures for cells infected with un-
treated HCMV (C and D) or MAFP-treated virus (E and F). Cells
were visualized by confocal microscopy (original magnification, �60).

VOL. 78, 2004 HCMV CARRIES A CELLULAR PLA2 REQUIRED FOR INFECTIVITY 7723



been described for various pathogens, including parasites (15)
and bacteria (12, 26). In addition, phospholipase activities have
been reported to be involved in viral infections. For instance,
the parvovirus capsid protein, vp1, which bears an sPLA2 ac-
tivity, is required for infectivity (35). The envelope protein p37
from vaccinia bears multiple lipase activities, including PLA2

(5). Deletion of the gene coding for p37 results in the loss of
cell-to-cell transmission and the inability to produce enveloped
extracellular virus (7).

The signaling pathways linked to host cell PLA2 has been
shown to be involved in HCMV infection in several ways. (i)
HCMV infection stimulates arachidonic acid metabolism as-

FIG. 9. Inhibition of infection by MAFP is due to specific inhibition of HCMV-borne, but not cell-borne, cPLA2. MRC5 cells were seeded on
glass coverslips in six-well plates (2.5 � 105/well), deprived of FCS for 16 h, and incubated with a mixture of HCMV plus MAFP-treated HCMV
(A), untreated HCMV alone (B), and MAFP-treated HCMV alone (C) (AD169, MOI � 0.1) for 1 h at 37°C. Unadsorbed virus was removed with
PBS, and cells were further cultured for 5 days. Expression of IE1 and IE2 was analyzed by confocal microscopy (original magnification, �60).
(D) MRC5 cells were seeded in 24-well plates, deprived of FCS for 16 h, and then incubated for 2 h with dilutions of HCMV (original MOI �
0.1) treated with MAFP or not treated. The control represents cells incubated with MAFP only. Cells were washed, harvested, and lysed by
sonication. Lysates were incubated for 1 h with BODIPY-PC, and lipid extraction and HPLC analysis of fluorescent metabolites were performed
as described in Materials and Methods.

FIG. 10. Western blot analysis of viral proteins production after treatment of HCMV with PLA2 inhibitors. MRC5 cells (5 � 105) were seeded
in 25-cm2 flasks, deprived of FCS for 16 h, and infected with HCMV previously treated with MAFP or HELSS. Cell lysates obtained at the
indicated time points were analyzed by Western blot using anti-IE1 and -IE2 (A) and anti-pp65 (B) MAbs. Antiactin MAb was used for both panels
as a control of the total amount of protein.
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sociated with activation of PLA2 (1, 2, 25) and a cellular
cPLA2 has been shown to be activated in the first 15 min
postinfection (30). (ii) Both mRNAs encoding for cPLA2 and
COX-2 are increased in infected fibroblasts (36, 37). (iii)
Blocking the cellular pathway of PLA2 signaling inhibited in-
fection (32, 33, 37). Finally, (iv) our present paper indicates
that a cPLA2 taken up by virus particles from infected cells
plays a role in infection. Although all those reports link HCMV
infection to PLA2, they seem to point to different levels of the
cPLA2 pathways. It will be of interest to determine how these
pathways cooperate in the development of HCMV infection.
The inhibition, by specific inhibitors, of cPLA2 contained in
the virus preparations clearly demonstrated that the cellular
cPLA2 activated within the host cell at the moment of infection
could not compensate for the acquired cPLA2 activity carried
by HCMV. Downstream effectors of the cellular PLA2 signal-
ing pathway such as COX-2 have been previously reported to
be involved in HCMV infection (25, 30, 37). However, they
seem to be distinct from those observed in our experiments.
This is particularly evident from our experiments showing that
IE1, as well as IE2 and pp65, was inhibited, whereas the use of
COX-2 inhibitors selectively impaired the production of IE2
(37). Thus the inhibition of HCMV-borne cPLA2 had broader
consequences on HCMV infection. We also excluded that the
treatment of virus with MAFP would interfere with cellular
cPLA2 and showed that the inhibition was specific to the
MAFP-treated virus (Fig. 9). Therefore the cPLA2 pathways
appear to be involved at different steps, in an additive way, in
infection by HCMV. Besides the previously reported role of
the host cPLA2 (37), we bring new insight related to the key
role of the cPLA2 carried by the virion.

It is intriguing why HCMV, contrary to parvovirus and vac-

cinia virus, has developed a mechanism of “highjacking” cel-
lular cPLA2� rather than coding for its own PLA2. With re-
gard to PP2A, it is noteworthy that, similar to cPLA2�, while
HCMV carries a cell-derived PP2A (24), other viruses (vac-
cinia virus and baculovirus) code for such activity (17). HCMV
has been known to carry several host-derived proteins: CD55
and CD59, as regulators of complement may interfere with the
complement cascade (32), and serine/threonine phosphatase
PP2A may contribute to perturb cell metabolism (24). Other
activities found in HCMV particles include a DNase activity
(21), a DNA polymerase activity (23), and annexin II (34).

Definitive roles of transported proteins (21, 23, 24, 32, 34)
and mRNAs (9, 16) in infection have not yet been determined.
It appears that entrapment of cellular constituents, which oc-
curs in virions, is selective. Our data are in accordance with
these reports, since PLA2 activities other than cPLA2 were not
found in HCMV. Moreover, no PLC or PLD activity was
observed in HCMV (Fig. 1), also arguing in favor of sorting of
cellular proteins. Better knowledge of the pathways of HCMV
maturation will help determine how cell proteins are incorpo-
rated into HCMV particles.

We have described a new mechanism through which HCMV
subverts cell metabolism. How HCMV has acquired active
cPLA2�, the characteristics of interaction of cPLA2 with other
proteins of virions, and how this interaction is involved in
infection are under investigation. Besides contributing to the
understanding of HCMV pathophysiology, our findings may
open new ways to anti-HCMV therapy. Combinations of in-
hibitors of the cPLA2 pathway with other antiviral drugs may
be useful in preventing and/or treating HCMV infections.
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