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The infection of human fetal foreskin fibroblasts (HFFF2) with human cytomegalovirus (HCMYV) resulted in
the induction of autophagy. This was demonstrated by the increased lipidation of microtubule-associated
protein 1 light chain 3 (LC3), a hallmark of autophagy, and by the visualization of characteristic vesicles within
infected cells. The response was detected first at 2 h postinfection and persisted for at least 3 days. De novo
protein synthesis was not required for the effect, since HCMYV that was irradiated with UV light also elicited
the response, and furthermore the continuous presence of cycloheximide did not prevent induction. Infection
with herpes simplex virus type 1 (HSV-1) under conditions that inhibited viral gene expression provoked
autophagy, whereas UV-irradiated respiratory syncytial virus did not. The induction of autophagy occurred
when cells were infected with HCMYV or HSV-1 that was gradient purified, but HCMYV dense bodies and HSV-1
light particles, each of which lack nucleocapsids and genomes, were inactive. The depletion of regulatory
proteins Atg5 and Atg7, which are required for autophagy, reduced LC3 modification in response to infection
but did not result in any detectable difference in viral or cellular gene expression at early times after infection.
The electroporation of DNA into HFFF2 cultures induced the lipidation of LC3 but double-stranded RNA did
not, even though both agents stimulated an innate immune response. The results show a novel, early cellular
response to the presence of the incoming virion and additionally demonstrate that autophagy can be induced

by the presence of foreign DNA within cells.

Autophagy is a process by which cellular organelles and
abnormal proteins are degraded (recently reviewed in refer-
ences 16, 43, and 75). It is an important mechanism for main-
taining cell viability in times of starvation and stress, as it
recycles cell components to provide nutrients. In addition, au-
tophagy provides a means to eliminate toxic protein aggregates
or damaged organelles from the cell. Three types of autophagy
are recognized, named macroautophagy, microautophagy, and
chaperone-mediated autophagy, and the term autophagy used
here will refer only to macroautophagy. Studies of yeast first
defined a number of proteins, given the prefix Atg, that control
autophagy, and mammalian orthologs have been described for
most of these. A simplified schematic of autophagy is shown in
Fig. 1. The process is initiated by the formation of a phago-
phore, a double-membraned structure that can be visualized as
crescent shaped by electron microscopy. The initiation of the
phagophore requires the activities of two multiprotein com-
plexes, the ULK1/2 and Beclin 1 complexes. The phagophore
undergoes elongation, a stage that requires the modification of
microtubule-associated protein 1 light chain 3 (LC3) by the
conjugation of phosphatidylethanolamine, and the activity of a
complex consisting of Atg5, Atgl2, and Atgl6L. The extended
phagophore proceeds to engulf cell material or toxic proteins
and closes to form a vesicle named the autophagosome. Lyso-
somes then fuse with autophagosomes to produce autolyso-
somes, which have a single membrane and contain enzymes
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that digest the cargo. Although autophagy is important for cell
survival under starvation and other stress conditions, the pro-
cess can result in cell death if allowed to continue unchecked.
Thus, in some circumstances autophagy is an alternative to
apoptosis as a cell death pathway.

Since autophagy is important for the clearance of foreign or
aggregated proteins, it is not surprising that the process affects
the replication of intracellular parasites such as viruses in a
number of ways (7, 15, 16, 18, 47). In some cases, viruses
subvert autophagy to facilitate the progress of the infection
cycle. The replication of poliovirus, the coronavirus mouse
hepatitis virus, and hepatitis C virus is reduced when au-
tophagy is inhibited. This is thought to occur because mem-
branes derived from the initiation of the phagophore are im-
portant for the assembly of viral replication complexes (28, 50,
60, 71). In other examples, viruses possess mechanisms to pre-
vent autophagy. The influenza A virus M2 protein blocks the
formation of autolysosomes, although this property does not
influence virus yields in tissue culture systems (20). HIV uti-
lizes the autophagic machinery during early stages in replica-
tion, but in macrophages the viral nef protein inhibits the
conversion of autophagosomes to autolysosomes, thereby pre-
venting the loss of virus by proteolytic degradation (35). The
engulfment of virus particles by autophagosomes and autoly-
sosomes is named xenophagy.

Studies with herpesviruses have contributed to understand-
ing the significance of autophagy during virus infection. The
herpes simplex virus type 1 (HSV-1)-specific early protein
ICP34.5 binds to Beclin 1, and this interaction requires
ICP34.5 residues 68 to 87 (46). A virus mutant lacking this
region (named A68-87) replicates normally in mouse embryo
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FIG. 1. Schematic diagram of autophagy. Shown is a simplified diagram that highlights the proteins and structures referred to in the text. The
formation of the phagophore and elongation to produce the autophagosome are dependent upon the activities of three complexes, together with
the lipidation of LC3. The ULK1/2 and Beclin-1 complexes each consist of at least five proteins, and these complexes are important for integrating
signals that initiate autophagy. The small molecule Atgl2 is covalently attached to Atg5 by the action of Atg7 (E1-like, using the nomenclature
applied to ubiquitin conjugation) and Atgl0 (E2-like). The Atg5-Atgl2 fusion protein interacts with Atgl6L to form a complex. Phosphatidyl-
ethanolamine is conjugated to LC3 form I (open circles) by the action of the enzymes Atg7 (El-like) and Atg3 (E2-like). The Atg5-Atgl2/16
complex and lipidated LC3 form II (filled circles) are required for the phagophore membrane to elongate and engulf cytoplasmic contents. LC3
II remains with the autophagosomal membrane. Fusion with lysosomes results in the formation of autolysosomes. The internal contents of the
autolysosome, including LC3 II on the inner membrane, are digested. LC3 II on the outer membrane is released.

fibroblasts (MEFs), as does wild-type HSV-1in A7g5~'~ MEFs,
demonstrating that autophagy does not affect virus replication
in this tissue culture system (2). In mice, however, A68-87 is
neuroattenuated in terms of both virus replication and the
survival of the animals, showing that the inhibition of au-
tophagy is important for the virulence of HSV-1 in vivo (46).
The likely reason is the counteraction of xenophagy, since
there were greater numbers of virions per autophagosome in
MEFs, or cultured mouse neurons, at late times after infection
with ICP34.5-null mutants than for wild-type HSV-1 (70). In
addition, MEFs infected with an ICP34.5-null mutant exhib-
ited a 2-fold increase in the number of autophagosomes per
cell compared to that observed with wild-type virus, and a
similar effect was observed in mouse neurons infected with
A68-87 (2, 46). The HSV-1 ICP34.5 protein therefore contrib-
utes to virulence by preventing the xenophagic destruction of
virions.

Investigations have been carried out on autophagy in cells
infected with other herpesviruses. The infection of MRC-5
human fibroblasts with human cytomegalovirus (HCMV) re-
sulted in the inhibition of autophagy, as shown by the failure of
a green fluorescent protein-LC3 fusion protein to assume a
characteristic punctate appearance in transfected cells at 24 h
postinfection (hpi) and the absence of autophagosomes or
autolysosomes at later times (8). Autophagy was induced upon
infection with varicella-zoster virus at late times after infection,
although viral DNA synthesis was not required for the effect
(64). The Kaposi’s sarcoma-associated herpesvirus (KSHV)
induced autophagy during lytic reactivation, with the response
being dependent on the activity of the viral RTA transcription
activator (74). In addition, KSHV-encoded proteins vBcl-2 and
vFLIP inhibited autophagy, suggesting roles in the survival of
transformed cells (37, 49). In the case of Epstein-Barr virus,
the latency-associated protein LMP1 stimulated autophagy in
B cells, initiating a homeostatic interaction in which the con-
sequent increased degradation of LMP1 prevented its overex-
pression and thereby optimized the survival of transformed
cells (36).

Mammalian cells possess multiple mechanisms for recogniz-
ing infection by intracellular parasites and mounting innate

immune responses (3, 24, 66). Toll-like receptors (TLRs) that
detect the presence of foreign lipoproteins, lipopolysaccharide,
RNA, or unmethylated DNA are found on the cell surface and
in endosomes. Interaction with their respective ligands initiates
signaling cascades that culminate in the production of cyto-
kines, interferon-stimulated gene (ISG) products, and type I
interferons, which make major contributions to innate immune
responses (34). Signaling through TLRs results in the activa-
tion of NF-kB and interferon regulatory factor 3 (IRF3), a
transcription factor that stimulates the expression of ISGs and
alpha or beta interferon (10, 34, 59). The activation of IRF3 by
phosphorylation can also occur through pathways initiated by
TLR-independent sensors of foreign RNA or DNA (24, 26, 45,
61, 65). Double-stranded RNA (dsRNA) is recognized by the
RNA helicases retinoic acid-inducible gene 1 (RIG-1) and
melanoma-differentiated gene 5 (MDAS), which transmit sig-
nals via the adaptor molecule mitochondrial antiviral signaling
protein (MAVS; also named IPS-1, VISA, and CARDIF) to
result in the phosphorylation of IRF3 (33, 38, 76). Double-
stranded DNA is detected by four known sensors (24). TLR9
is an endosomal protein that responds to the presence of un-
methylated DNA but does not activate IRF3. RNA polymerase
IIT can transcribe DNA to produce dsRNA, which then acti-
vates IRF3 through the MAVS/RIG-1-dependent pathway (1,
11, 26). The protein DNA-dependent activator of IRFs (DAI;
also named ZBP1 and DLM-1) recognizes cytosolic DNA and
mediates the induction of beta interferon through the activa-
tion of IRF3 (65, 73). The remaining known mechanism to
sense DNA involves protein absent in melanoma 2 (AIM2).
This factor activates the inflammasome, resulting in the pro-
duction of proinflammatory cytokines but not the activation of
IRF3 (3, 19, 23, 44).

Sensing infection with DNA viruses involves many of the
mechanisms outlined above. The innate response to HSV-1
includes pathways controlled by TLR9, MAVS DAI, and
AIM?2 depending on the host cell type, indicating that the
recognition of the viral genome is achieved through a variety of
pathways (reviewed in reference 10). The activation of IRF3
and induction of beta interferon occurs after the infection of
human fibroblasts with HCMYV, and this complex response is
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due to multiple interactions of the virus particle with the host
cell (4-6, 12-14, 21, 30, 45, 48, 51, 58). Recently, a role for DAI
in stimulating beta interferon production via IRF3 has been
demonstrated after the infection of cells with HCMYV, and it is
suggested that the viral genome is responsible for the activa-
tion of this pathway (12, 14).

Cells possess a variety of mechanisms to maintain viability
and integrity after infection with viruses. These responses tar-
get many stages of infection, and the initial interaction of the
virus with the host cell represents a point at which the proba-
bility of cell survival is optimal, provided a robust defense is
mounted. The studies reported here demonstrate that the ini-
tial interactions of the HCMV or HSV-1 virion with the cell
result in the induction of autophagy, and that this early event
in infection is additional to innate immune responses mediated
by IRF3. Evidence is presented that autophagy is triggered by
the presence of foreign DNA, a novel finding that has wide-
spread implications for understanding cell responses to intru-
sion of viral genomes.

MATERIALS AND METHODS

Cells and viruses. Human fetal foreskin fibroblast (HFFF2) cells were prop-
agated in Dulbecco’s modified Eagle’s medium supplemented with 5% (vol/vol)
fetal calf serum, 5% (vol/vol) newborn calf serum, nonessential amino acids, and
100 U of penicillin plus 100 pg of streptomycin per milliliter (designated DS +
5). For infection and other treatments for cells, Dulbecco’s modified Eagle’s
medium supplemented with 2% (vol/vol) fetal calf serum, nonessential amino
acids, and 100 U of penicillin plus 100 pg of streptomycin per milliliter (DF2)
was used. HCMV, strain AD169, was propagated in HFFF2 cells, and stocks
were prepared by centrifugation of medium harvested from infected monolayers,
first at 1, 000 X g for 15 min to remove cellular debris and then 23,000 X g for
2 h. Pellets from the latter centrifugation were resuspended in D5 + 5 and
purified further by negative viscosity-positive density gradient centrifugation
(68). Bands identified as virions and dense bodies were removed from the
gradient, pelleted by centrifugation at 23,000 X g for 2 h, and resuspended in
D5 + 5. HCMV strain Merlin (17) was kindly supplied by D. Dargan (MRC-
University of Glasgow Centre for Virus Research [CVR], Glasgow, United
Kingdom). The HSV-1 mutant in1312 was constructed, propagated, and titrated
as described previously (53). Virions and light particles of HSV-1 strain 17 were
purified by Ficoll gradient centrifugation as described previously (62). Respira-
tory syncytial virus (RSV) was kindly provided by V. Cowton (CVR, Glasgow,
United Kingdom). Numbers of virions, dense bodies, and light particles were
estimated by electron microscopy. HCMV and RSV were UV irradiated in a
Stratalinker (Stratagene) with a dose sufficient to reduce viral gene expression at
24 hpi to undetectable levels, as described previously (39). The induction of
autophagy was achieved by the treatment of cells with DF2 containing methyl-
beta-cyclodextrin (MBCD) (9).

Infection of cells. HFFF2 monolayers, consisting of 1.5 X 10° cells, were
routinely infected with 2 PFU of HCMV per cell or an equivalent amount of
virus after UV irradiation. Cultures were infected with HSV-1 mutant in1312 at
a multiplicity of 30 PFU per cell, representing 2 X 10® particles per monolayer,
or with 10 PFU of RSV per cell or an equivalent amount of UV irradiated virus.

Electroporation of cells. HFFF2 cultures were electroporated using an Amaxa
nucleofector (Lonza) by following the manufacturer’s instructions. For the in-
troduction of short interfering RNA (siRNA), 2 X 10° cells were electroporated
with 80 pmol of siRNA, and the cell suspension was used to seed 20 wells of
24-well plates. Cultures were incubated at 37°C for 3 days prior to infection. The
sources of siRNAs were Atg5, Atg7, a control (no. 102655310, 102655373, and
1027280, respectively; Qiagen), and IRF3 (Dharmacon Thermo smartpool; no.
M-006875-02). For the introduction of nucleic acids, 1.2 X 10° cells were elec-
troporated with 0.5 pg of poly(dAT:dAT), 0.15 ug of poly(I:C), or 1.5 ug of
HFFF2 DNA and used to seed 3 wells of 24-well plates. HFFF2 DNA and
HCMYV DNA from purified virus were prepared by use of a DNeasy tissue kit
(Qiagen). HFFF2 DNA was sheared by repeated passage through a 21-gauge
needle.

Protein blotting. Cell extracts were prepared and analyzed by blotting as
described previously (40). Actin was used as a loading control. Sources of pri-
mary antibodies were anti-actin, LC3, Atg5, and Atg7 (Sigma Aldrich); anti-
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ISG15 and IRF3 (Santa Cruz); anti-HCMV ICP36 and pp65 (Abcam); and
anti-HCMV IE1/IE2 (AbD Serotec). Monoclonal antibodies specific for HCMV
pp71 (32) and HSV-2 VP16 (42) were kindly provided by T. Shenk (Princeton
University) and A. Minson (Cambridge University, United Kingdom), respec-
tively.

Electron microscopy. HFFF2 monolayers in 35-mm-diameter dishes were
fixed in 2.5% glutaraldehyde, treated with 1% osmium tetroxide, and dehydrated
through a series of increasing concentrations of ethanol. Cells were flat embed-
ded in epoxy resin, and thin sections were stained with uranyl acetate and lead
citrate prior to examination in a JEOL 1200 EXII electron microscope.

Analysis of protein degradation. A culture of HFFF2 cells was radiolabeled by
incubation for 24 h in D5 + 5 containing 35 wCi per milliliter of a mixture of
[**S]methionine and [**S]cysteine (NEG772; Perkin-Elmer). The culture then
was trypsinized and samples dispensed in D5 + 5 without radiolabeling mixture.
After incubation for a further 12 h to allow short-lived proteins to decay, repli-
cate monolayers were mock infected or infected with UV-HCMYV. Samples of
the medium were taken at various times and the radioactivity measured. Control
experiments ascertained that the radioactivity was entirely soluble in 10% tri-
chloroacetic acid. Total incorporation in the cell pellet was determined at the
end of the experiment.

Immunofluorescence. Cultures of 1 X 10° HFFF2 cells on coverslips were
overlaid with DF2 or 5 mM MBCD in DF2 for 3 h at 37°C or were infected with
UV-irradiated HCMV (UV-HCMV) and maintained at 37°C for 6 h. Cells were
fixed by incubation for 15 min in 4% paraformaldehyde, washed with phosphate-
buffered saline (PBS), and permeabilized by incubation in 100 g of digitonin per
milliliter for 10 min. After being washed with PBS, fixed cells were incubated
with mouse anti-LC3 antibody (MBL) followed by fluorescein isothiocyanate
(FITC)-conjugated sheep anti-mouse serum (Sigma Aldrich). Nuclei were
stained by the incubation of cells in 1 pg of propidium iodide per milliliter for 1
min. Coverslips were mounted and analyzed on a Zeiss LSM510 confocal mi-
croscope with associated software.

RESULTS

LC3 lipidation occurs early after infection with HCMYV. The
modification of LC3 by lipidation, resulting in a protein that
migrates more rapidly in SDS-polyacrylamide gels, is a hall-
mark of autophagy (31). The status of LC3 after the infection
of HFFF?2 cells with HCMV was investigated. An increase in
the intensity of the characteristic faster-migrating form of LC3
(LC3 II) was detected by 2 hpi, and the extent of modification
increased until it reached completion at approximately 5 hpi
(Fig. 2A). The change in mobility was retained throughout
infection up to 24 hpi. The apparent increase in the total
amount of LC3 reflects the fact that most antibodies, including
that used here, preferentially bind to the lipidated form of the
protein. The LC3 I band often appeared as a doublet for
reasons that are not clear to us. Since the change in LC3
occurred shortly after infection, the requirement for viral gene
expression was investigated by infecting cultures with an
HCMYV sample that was irradiated with a dose of UV light
sufficient to completely prevent the detectable expression of
the major IE proteins. Infection with UV-HCMV induced the
modification of LC3, with the effect again first detectable at 2
hpi and persisting until 24 hpi (Fig. 2B). As a measure of the
rapidity of the response, the levels of interferon-stimulated
gene 15-specific protein (ISG15) were assessed, since this pro-
tein is known to be induced after infection with UV-HCMV
(13, 78, 79). Increased levels of ISG15 were first detected at 5
hpi, significantly later than the modification of LC3. To ascer-
tain whether the effect persisted for even longer periods, sam-
ples were taken at 1, 2, and 3 days pi. The increased modifi-
cation of LC3 compared to that in mock-infected cells was
detected throughout this period in cultures infected with UV-
HCMV or unirradiated virus (Fig. 2C).
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FIG. 2. Modification of LC3 after infection with HCMV. HFFF2
monolayers were mock infected (M), infected with HCMYV, or infected
with UV-HCMV. Cell lysates were analyzed for LC3 modification and
ISG15 synthesis at various times pi. (A) Infection with HCMV AD169;
(B) infection with UV-HCMV; (C) infection with UV-HCMV, mock
infection, or infection with HCMV AD169 for 3 days.

Characterization of LC3 modification. The HCMV stocks
used routinely were partially purified by the centrifugation of
medium taken from infected cells. To ensure that the virus
particle truly was the agent responsible for inducing LC3 mod-
ification, virus was purified by gradient centrifugation and used
to infect HFFF2 cultures. The requirement for protein synthe-
sis also was tested by carrying out infection in the continuous
presence of cycloheximide. The results presented in Fig. 3A
demonstrate that purified HCMV was as effective as virus
pelleted from the medium, whether or not it was UV irradiated
(Fig. 3A). The data also demonstrate that ongoing protein
synthesis was not required for LC3 modification, since the
change in migration was observed when cycloheximide was
present throughout infection (Fig. 3A). The modification of
LC3 therefore appears to be a cellular response to the pres-
ence of the incoming virus particle that occurs even in the
absence of de novo protein synthesis. To investigate whether
the response was observed after infection with other enveloped
viruses, HFFF2 cells were infected with the HSV-1 mutant
in1312, which does not undergo detectable viral gene expres-
sion in the vast majority of cells due to mutations in VP16 and
the immediate-early (IE) proteins ICPO and ICP4 (53). Infec-
tion with this virus, which is unable to synthesize early and late
gene products, including ICP34.5, the antagonist of autophagy
(46), resulted in the induction of LC3 modification in both the
absence and presence of cycloheximide (Fig. 3B). To investi-
gate whether LC3 modification occurred with an alternative
strain of HCMV, HFFF2 cells were infected with the clinical
isolate Merlin, which is known to contain intact open reading
frames of all viral genes, with the exception of mutations in
RL13 and UL128 (17). Merlin induced LC3 modification as
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FIG. 3. Characterization of LC3 modification after infection.
(A) HFFF2 monolayers were mock infected or infected with HCMV
AD169 (CMV), gradient-purified HCMV AD169 (Pure), or UV-
HCMV (uv) in the absence or continuous presence of 100 pg of
cycloheximide (CH) per milliliter. Cell lysates were prepared at 6 hpi
for the analysis of LC3. (B) HFFF2 monolayers were mock infected
(M) or infected with HCMV AD169 (CMV) or HSV-1in1312 (HSV)
and incubated at 38.5°C in the absence or continuous presence of CH.
Cell lysates were prepared for the analysis of LC3 at 6 hpi. (C) HFFF2
monolayers were mock infected (M) or infected with HCMV strain
Merlin (Mer) or AD169 (AD) in the absence or continuous presence
of CH. Cell lysates were prepared for the analysis of LC3 at 6 hpi.
(D) HFFF2 monolayers were mock infected or infected with UV-
HCMV (uvCMV), UV-irradiated RSV (uvRSV), or untreated RSV.
Cell lysates were prepared for the analysis of LC3 at 7 hpi (lanes 1 to
4) or 24 hpi (lanes 5 to 8). (E) HFFF2 monolayers were mock treated for
3 h (M), treated with 3 mM MBCD for 2 h, or infected with UV-HCMV
for 3 h in the absence (lanes 1 to 3) or presence (lanes 4 to 6) of 10 mM
NH,CI. Cell lysates were prepared for the analysis of LC3.

efficiently as strain AD169 (Fig. 3C). Infection with RSV, ei-
ther UV irradiated sufficiently to prevent viral gene expression
at 24 hpi or left unirradiated, did not elicit the response at 7 hpi
(Fig. 3D, lanes 1 to 4). At 24 hpi, cells infected with unirradi-
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ated virus did show the modification of LC3 but UV-irradiated
virus did not, suggesting that active RSV replication was re-
sponsible for this observation (Fig. 3D, lanes 5 to 8). There-
fore, the early LC3 modification observed after infection with
HCMYV or HSV-1 was not due simply to the entry of an en-
veloped virus into the host cell.

The detection of LC3 modification does not necessarily in-
dicate an increase in the onset of autophagy, therefore a fur-
ther test was carried out. To distinguish between an effect on
the initiation of autophagy and a decrease in the turnover of
LC3, the acidification of autolysosomes was inhibited by the
inclusion of 10 mM NH,Cl in the culture medium. As a control
for autophagy, cells were treated with the cholesterol-depleting
agent MBCD, which is known to induce autophagy in human
fibroblasts (9). The addition of either MBCD or UV-HCMV
induced LC3 modification (Fig. 3E, lanes 1 to 3). The presence
of NH,Cl resulted in the increased accumulation of modified
LC3 in otherwise-untreated cultures, indicating that autophagy
was routinely in progress in normal HFFF2 cells (Fig. 3E, lane
4). The amount of modified LC3 in MBCD- and UV-HCMV-
treated cells was greater in NH,Cl-treated cells than in un-
treated cells (Fig. 3E, lanes 4 to 6), demonstrating that the
effect of both MBCD and UV-HCMV was detectable even
when processing within the autolysosome was inhibited. The
results are consistent with an increase in the initiation of au-
tophagy rather than a slowing of later stages.

Preparations of HCMV and HSV-1 purified by centrifuga-
tion of medium from infected cells are known to contain non-
infectious particles lacking genomes in addition to intact viri-
ons. The noninfectious particles, known as dense bodies or
light particles (L-particles) for HCMV and HSV-1, respec-
tively, are able to enter cells and deliver tegument proteins.
Their abilities to stimulate LC3 modification were investigated
(Fig. 4). Preparations containing equivalent numbers of
HCMYV virions and dense bodies were applied to HFFF2
monolayers in 10-fold dilutions. Purified virions stimulated
LC3 modification when 6 X 107 and, to a lesser extent, 6 X 10°
particles were applied to monolayers (Fig. 4A, lanes 1 to 3).
Dense bodies, in contrast, did not elicit a response even when
6 X 107 particles were added (Fig. 4A, lanes 4 to 6). The
uptake of the particles was confirmed by analyzing cells for the
presence of pp65, which is highly enriched in dense bodies, and
pp71, which is preferentially accumulated in virions (72). An
analogous experiment was carried out with purified HSV-1
virions and L-particles (Fig. 4B). In this case, cycloheximide
was present throughout to prevent the synthesis of ICP34.5.
The increased modification of LC3 was observed after infec-
tion with 6 X 108 virions, and a partial effect was elicited by 6 X
107 virions (Fig. 4B, lanes 2 to 4). In contrast, even 6 X 10%
L-particles failed to induce the detectable modification of LC3
(Fig. 4B, lanes 5 to 7). Equal uptake of virions and L-particles
was confirmed by the demonstration that equivalent amounts
of VP16 were present in cells at 2 hpi, since the same amount
of this protein is present in the two types of particle (41).

Further analysis of autophagy in HCMV-infected cells. Ad-
ditional evidence for the induction of autophagy by HCMV
was obtained by the examination of cells infected with UV-
HCMV or gradient-purified HCMV under the electron micro-
scope. At 6 hpi, vesicles with the characteristic appearances of
autophagosomes or autolysosomes were present, as shown in
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FIG. 4. Lipidation of LC3 after infection with virions, dense bodies,
or L-particles. (A) HFFF2 monolayers were infected with purified
HCMYV virions (lanes 1 to 3) or dense bodies (DBs) (lanes 4 to 6) or
were mock infected (M) (lane 7). Cell lysates were prepared at 6 hpi
for the analysis of LC3 or at 2 hpi for the analysis of pp65 and pp71.
The numbers of particles added to 1.5 X 10° cells were 6 X 107 (lanes
1 and 4), 6 X 10° (lanes 2 and 5), or 6 X 10° (lanes 3 and 6). (B) HFFF2
monolayers were mock infected (lane 1) or infected with HSV-1 viri-
ons (lanes 2 to 4) or L-particles (lanes 5 to 7), with 100 pg of cyclo-
heximide per milliliter present throughout. Cell lysates were prepared
at 6 hpi for the analysis of LC3 or 2 hpi for the analysis of VP16. The
number of particles added to 1.5 X 10° cells was 6 X 10° (lanes 2 and
5), 6 X 107 (lanes 3 and 6), or 6 X 10° (lanes 4 and 7).

Fig. 5. Autophagosomes with double membranes were ob-
served (Fig. 5B to D), as were autolysosomes containing cargo
at various stages of digestion (Fig. 5E to H). Figure SA may
depict an early stage of engulfment by a phagophore mem-
brane. Counts were made of autophagy-related vesicles in in-
dividual cell profiles from multiple fields and nonserial sec-
tions. In mock-infected cultures, 50 profiles exhibited a total of
22 vesicles classified as autophagosomes or autolysosomes,
whereas 50 profiles from cultures infected with UV-HCMYV or
gradient-purified HCMV revealed 265 and 326 vesicles, re-
spectively. Therefore, HCMV-infected cells contained in-
creased numbers of vesicles, which is characteristic of au-
tophagy.

Immunofluorescence was carried out on cultures infected
with UV-HCMYV or treated with MBCD (Fig. 6A). Increased
numbers of punctate vesicles recognized by anti-LC3 antibody
per cell were observed after either treatment, in contrast to the
small number present in most cells of mock-infected cultures.
A few cells in mock-infected cultures also contained multiple
LC3-positive vesicles, an example of which is shown. Taken
together, the microscopy studies provide strong evidence that
authentic autophagy occurs in response to infection with
HCMV without the need for the de novo synthesis of viral or
cellular proteins.

Autophagy results in the increased degradation of long-lived
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FIG. 5. Autophagy-related structures in HCMV-infected HFFF2 cells. Images from the electron microscopic examination of HFFF2 cells
infected with gradient-purified HCMV or UV-HCMYV for 6 h. (A) Possible engulfment by a phagophore structure; (B to D) double-membraned
autophagosomes; (E to H) autolysosomes with cargo in different stages of digestion. The bar in panel A represents 200 nM for panels A to D, and

the bar in E represents 200 nM for panels E to H.

cell proteins. To investigate whether this occurred after
HCMY infection, cell proteins were radiolabeled by the incu-
bation of HFFF2 cells with [**S]methionine and [**S]cysteine,
followed by a chase in normal medium for 12 h to permit the
decay of short-lived proteins. The release of acid-soluble ra-
dioactivity into the cell supernatant, representing the degrada-
tion of long-lived cell proteins, was measured in mock-infected
and UV-HCM V-infected cultures (Fig. 6B). An increase in the
rate of protein degradation was observed from 4 hpi until at
least 24 hpi, demonstrating that this feature of autophagy was
induced by infection with UV-HCMV.

Depletion of Atg5 and Atg7 reduces HCMV-induced LC3
lipidation. To investigate the significance of autophagy for
HCMYV infection, siRNAs specific for Atg5 and Atg7 or a
control siRNA were electroporated into HFFF2 cells, and the
response to infection with HCMV was analyzed. Treatment
with the Atg-specific siRNAs reduced the levels of the target
proteins (Fig. 7A). Cultures in which Atg5 or Atg7 was de-
pleted individually exhibited detectable reduction in LC3 lipid-
ation after infection with UV-HCMV or treatment with
MBCD (results not shown), but a greater effect was observed
when the siRNAs were used in combination (Fig. 7B). The
extent of LC3 modification was reduced in cultures treated
with siRNAs specific for Atg5 and Atg7, compared to that in
cultures treated with control siRNA, after infection with UV-
HCMYV or the addition of MBCD (Fig. 7B). The response was
not completely abolished, however, since the accumulation of
the faster-migrating LC3 band was greater in UV-HCMV-
infected cells than in mock-infected cells. To determine
whether this compromised autophagy affected early events in
infection, cultures electroporated with a mixture of Atg5- and

Atg7-specific siRNAs were infected with HCMV and the pro-
duction of IE1 protein was analyzed at 3 or 4 hpi (Fig. 7C).
There were no differences in the levels of IE1 protein at 3 hpi,
the earliest time at which it could be detected, or at 4 hpi. In
addition, no difference in the production of the early protein
ICP36 was detected at 24 hpi (Fig. 7D). The induction of
ISG15 was examined at 9 h after infection with UV-HCMYV,
and this cellular response also was unaffected by the treatment
of cells with the Atg-specific siRNAs (Fig. 7E). The reduction
of LC3 modification upon the depletion of Atg5 and Atg7
further confirms that the response to HCMYV truly represents
autophagy. At the levels of depletion achieved, however, no
effects on virus gene expression or the induction of ISG15 were
detected. There also was no difference in virus yields from
control and Atg-depleted cultures at 3 days postinfection
(4.2 X 10* PFU/ml and 4.4 X 10* PFU/ml, respectively).

The role of innate immune responses in induction of au-
tophagy. The activation of the interferon response is known to
occur upon infection with UV-HCMYV, therefore the possible
requirement for the activation of IRF3 in eliciting LC3 mod-
ification after infection was investigated. A pool of four IRF3-
specific siRNAs or a control siRNA was electroporated into
HFFF2 cells, and the modification of LC3 upon infection was
analyzed. The effective depletion of IRF3 was achieved by this
approach (Fig. 8A), and as a consequence the induction of
ISG15 after infection with UV-HCMYV was inhibited (Fig. 8B).
There was, however, no effect on the extent of LC3 modifica-
tion after infection with UV-HCMV (Fig. 3C). This experi-
ment shows that the activation of IRF3 by UV-HCMYV does
not contribute to the induction of LC3 modification. In con-
sidering alternative signaling pathways that might be involved
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FIG. 6. Characterization of HCMV-induced autophagy. (A) HFFF2
monolayers were mock treated for 3 h, treated with 5 mM MBCD for
3 h, or infected with UV-HCMYV for 6 h. Cultures were fixed and
analyzed for the presence of LC3 with propidium iodide counterstain-
ing to identify nuclei. The mock infection panel in the second row on
the right was selected to show the presence of a rare cell exhibiting
obvious LC3 staining. The three lower panels show individual cells at
higher magnification. (B) Radiolabeled HFFF2 monolayers were mock
infected (open circles) or infected with UV-HCMV (filled circles) and
incubated at 37°C. At various times, radioactivity released into the
supernatant was measured. Six independent determinations were
taken at each point, and the error bars show the standard deviations of
the samples. The amount of released radioactivity was significantly
greater in the infected cultures (P < 0.01) at all times except 4 hpi.

in the response to UV-HCMYV, the finding that HCMV and
HSV-1, but not RSV, dense bodies or L-particles induced
autophagy suggested a role for the viral nucleocapsid or ge-
nome. The presence of foreign DNA within cells is known to
trigger innate immune responses (26, 27, 61), and a recent
study has shown that immune-stimulatory DNA (ISD) acti-
vates IRF3 in human foreskin fibroblasts (14). We investigated
whether introducing ISD into HFFF2 cells induces LC3 mod-
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FIG. 7. Effects of reducing Atg5 and Atg7 levels. (A) HFFF2 cul-
tures were electroporated with siRNAs specific for Atg5 (lane 1), Atg7
(lane 2), both Atg5 and Atg7 (lane 3), or control siRNA (C) (lane 4).
Extracts were analyzed for Atg5 or Atg7 at 3 days after electropora-
tion. The band detected by the anti-Atg5 antibody is the Atg5-Atgl2
conjugate. (B) HFFF2 cultures, electroporated with Atg5- and Atg7-
specific siRNAs or control siRNA as described for panel A, were mock
infected (lanes 1 and 2), infected with UV-HCMYV for 3 (lanes 3 and
4) or 4 h (lanes 5 and 6), or treated with 3 mM MBCD for 2 h (lanes
7 and 8). Cell lysates were analyzed for the modification of LC3.
(C) HFFF2 cultures, electroporated as described for panel A, were
mock infected (lanes 1 and 2) or infected with HCMV for 3 (lanes 3
and 4) or 4 h (lanes 5 and 6). Lysates were analyzed for the presence
of IE1 protein. Lanes 7 and 8 show a lower exposure of the signal in
lanes 5 and 6. (D) HFFF2 cultures, electroporated as described for
panel A, were mock infected (lanes 1 and 2) or infected with HCMV
for 24 h (lanes 3 and 4). Cell lysates were analyzed for the presence of
ICP36. (E) HFFF?2 cultures, electroporated as described for panel A,
were infected with UV-HCMYV for 9 h. Cell lysates were analyzed for
the presence of ISG15.

ification. Cultures were electroporated with poly(dAT:dAT), a
potent inducer (14, 26), poly(I:C), a dSRNA mimic, or sheared
HFFF2 DNA, and the modification of LC3 was monitored
(Fig. 8D). The amounts of inducer used represented the great-
est that HFFF2 cells tolerated without exhibiting cytopathol-
ogy, as determined in preliminary experiments (results not
shown). Both DNAs strongly induced the lipidation of LC3,
whereas poly(I:C) did not elicit this response, even after 24 h,
despite the strong activation of ISG15 synthesis by the ho-
mopolymer. In addition, purified HCMV DNA was as efficient
as sheared HFFF2 DNA (Fig. 8E), giving support to the hy-
pothesis that viral DNA is responsible for the induction of
autophagy.

DISCUSSION

We report here that the induction of autophagy occurs very
early after infection with HCMV or HSV-1, and that de novo
protein synthesis is not required for the response. HCMV was
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FIG. 8. Involvement of cell immune responses in modification of
LC3. (A) HFFF2 cultures were electroporated with a control siRNA
(C) (lane 1) or IRF3-specific siRNAs (lane 2). After 3 days, cell lysates
were analyzed for the presence of IRF3. (B) HFFF2 cultures, electro-
porated as described for panel A, were mock infected (lanes 1 and 2)
or infected with UV-HCMYV for 9 h (lanes 3 and 4). Cell lysates were
analyzed for the presence of ISG15. (C) HFFF2 cultures, electropo-
rated as described for panel A, were mock infected (lanes 1 and 2),
infected with UV-HCMYV for 3 (lanes 3 and 4) or 4 h (lanes 5 and 6),
or treated with 3 mM MBCD for 3 h. Cell lysates were analyzed for the
modification of LC3. (D) Poly(dAT:dAT), poly(I:C), no DNA, or
sheared HFFF2 DNA (HFF DNA) was electroporated into HFFF2
cells, and cell lysates were analyzed for the modification of LC3 and
ISGI15 levels after 6 (lanes 1 to 4), 12 (lanes 5 to 8), or 24 h (lanes 9 to
12). (E) No DNA (lane 1), 0.15, 0.5, or 1.5 ng of HCMV DNA (lanes
2 to 4), or 1.5 pg of sheared HFFF2 DNA (lane 5) was electroporated
into HFFF2 cells, and cell lysates were analyzed for LC3 modification
after 12 h.

the more efficient inducer based on the fact that fewer virus
particles were required to cause the detectable lipidation of
LC3, a hallmark of autophagy (31). We are not aware of any
published reports that document such an early activation of
autophagy after infection with either HCMV or HSV-1, and
indeed there have been no studies that question the extent of
viral gene expression required to elicit the response for these
herpesviruses or, to our knowledge, any other viruses. Re-
search to date has focused on the potential significance of
xenophagy in affecting viral yields at late times of infection, in
view of the seminal observation that the inhibition of au-
tophagy by ICP34.5 is important for HSV-1 pathogenesis (46).
An increase in numbers of autophagosomes after infection
with ICP34.5-null HSV-1 has been recorded, but the viral
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stimulus for this effect was not investigated (2, 46). The only
published study on HCMV examined the cells at late times of
infection, when autophagy was inhibited relative to that of
uninfected cells (8). Our observation of the continued modifi-
cation of LC3 for 3 days appears incompatible with the con-
clusion of Chaumorcel et al. (8) that infection with HCMV
inhibits autophagy, but it should be noted that different meth-
ods were used to assess the cellular changes in their study and
ours, and further work is required to resolve the apparent
discrepancies.

In addition to the lipidation of LC3, other features of au-
tophagy were detected after infection with HCMV, and indeed
the response was very similar to that elicited by MBCD (9).
The increased modification of LC3 upon infection when the
acidification of the autolysosome was blocked by NH,Cl argues
that infection increases the rate of the initiation of autophagy
rather than inhibiting the degradation of LC3 at a late stage in
the process (43). Electron microscopic analysis of HCMV-
infected cells revealed the presence of vesicles that could be
identified as autophagosomes, with a characteristic double
membrane, and autolysosomes containing cargo undergoing
digestion, and the numbers of these per cell profile were more
than 10-fold greater than those of mock-infected cultures.
Structures with loosely apposed membranes also were ob-
served, but we consider that additional characterization would
be required before they could be classed as phagophores. Fur-
ther evidence that our findings represent authentic autophagy
is provided by the presence of LC3-positive puncta in virtually
every cell of infected cultures, the observation of increased
protein degradation after infection, and the finding that the
depletion of Atg5 and Atg7 reduced the extent of LC3 modi-
fication in response to infection.

The prevailing hypothesis posits that, during infection with
HSV-1, the activation of dsRNA-activated protein kinase
(PKR) as a consequence of viral dsSRNA synthesis is respon-
sible for the induction of autophagy (69, 70). The observation
that PKR~/~ MEFs, in contrast to PKR*'™" cells, did not exhibit
increased protein degradation upon infection with ICP34.5-
null HSV-1 suggests that the activation of PKR has a role in
the response (69). It is possible that infection with UV-HCMV
or the HSV-1 mutant in1312 induced autophagy through the
activation of PKR, but we consider this explanation unlikely
for a number of reasons. First, the activation of PKR upon
HSV-1 infection is a relatively late event, described as depend-
ing on viral DNA synthesis (63). Second, UV-HCMV has been
exposed to a dose of irradiation sufficient to completely block
the production of the major IE protein and therefore is unable
to produce functional mRNAs. It is possible that small
dsRNAs escape inactivation by irradiation, although the only such
candidate product described to date is a single microRNA
(22). Similarly, HSV-1 mutants with multiple defects in imme-
diate-early gene expression, such as in1312, are severely im-
paired for the transcription of the viral genome and are un-
likely to produce dsRNA (52, 56, 57) Third, poly(I:C) did not
induce LC3 modification, even though it induced an immune
response as shown by the production of ISG15.

The use of siRNA to reduce autophagy after infection with
HCMYV was only partially successful. Despite the obvious de-
pletion of Atg5 and Atg7, the reduction in LC3 modification
was modest and incomplete, as found by others (25). There was
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no corresponding change in the parameters of infection that
we investigated, including the onset of immediate-early gene
expression and the induction of ISG15, but more effective
knockdown of Atg protein levels might reveal effects in cell
culture. On the basis of the data presented here, it appears that
autophagy does not have a major effect on the early stages of
HCMV infection in human fibroblasts. It is possible that a role
for the process will be revealed in a cell system that reproduces
more closely the replication of the virus in vivo, as found in the
case of HSV-1 (46).

Dense bodies and L-particles can bind to and enter cells,
delivering tegument proteins, and therefore the failure of these
particles to induce LC3 suggests that these early stages of
infection are not required for the induction of autophagy. This
appears to eliminate UV-HCMV-activated TLR2- and TLR4-
mediated pathways, initiated by the binding of viruses to the
cell surface, from involvement in the autophagy response (4,
30). Only virions induced LC3 modification, suggesting a re-
quirement for components of the nucleocapsid or for the viral
genome. Although we have not provided a definitive distinc-
tion between these two possibilities, the observation that im-
mune-stimulatory DNA and HCMV DNA also induced the
response points to the involvement of the viral genome. Since
IRF3 activity is not required for the induction of LC3 modifi-
cation, any of the four known DNA-sensing mechanisms could
mediate the response, intersecting with autophagy-inducing
pathways at a point upstream of IRF3 activation. Thus, TLR9
might transmit signals even though this receptor does not lead
to IRF3 activation (34). A role for the RNA polymerase III
pathway, leading to dsRNA, seems less likely, since poly(I:C)
did not induce LC3 modification. The protein DAI recently
has been shown to have a critical role in the induction of beta
interferon after infection with HCMV (12, 14). DAI mediates
this effect through the activation of IRF3, but it is possible that
intermediate molecules in the cascade, such as the adaptor
STING/MITA (27, 77), also activate autophagy. The activation
of the inflammasome is another response to cytosolic DNA
that might provoke autophagy, although it currently is not clear
whether all components of the inflammasome are present in
human fibroblasts. It is noteworthy that all of the known sen-
sors are triggered by the presence of cytosolic DNA, whereas
herpesvirus genomes are thought to be protected within the
nucleocapsid until delivery to the cell nucleus. Possibly, suffi-
cient viral DNA is released within the cytoplasm to activate the
sensor(s); alternatively, either the known pathways or others
yet to be identified are able to respond to nuclear for-
eign DNA.

It has been recognized recently that components of the au-
tophagy pathway can affect cellular immune responses (54).
The Atg5-Atgl2 conjugate directly associates with MAVS and
RIG-1, exerting a negative effect on beta interferon production
after infection with vesicular stomatitis virus or stimulation
with poly(I:C) (29, 67). More relevant to the results described
here, stimulation with poly(dAT:dAT) causes STING to relo-
cate to unidentified membrane-bound compartments, where it
colocalizes with LC3 and Atg9a. The latter protein is essential
for autophagy and has a negative effect on the poly(dAT:dAT)-
mediated IRF3 activation of beta interferon production. The
results suggest that Atg9a dampens the immune response
through the translocation of STING to the unidentified cell
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compartments (54, 55). To our knowledge, however, the con-
verse situation, in which autophagy is induced as a response to
DNA, has not been reported previously. Our finding therefore
suggests that autophagy is an additional cellular protection
mechanism that guards against harmful effects of intracellular
pathogens, possibly not aimed at herpesviruses but effective
against other infectious agents.

The studies detailed here describe novel aspects of the in-
teraction between infecting HCMYV particles and the host cell.
The induction of autophagy at such an early time, with the
effect persisting for much of the viral replication cycle, is a
surprisingly dramatic alteration to the cell milieu. The stimu-
lation of LC3 lipidation in response to DNA adds to the spec-
trum of cell defenses. Future studies on the mechanism of the
induction of autophagy by herpesviruses will reveal the viral
and cellular molecules that mediate this response to infection.
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