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Human cytomegalovirus (HCMYV) infection has been shown to activate the mTORCI1 signaling pathway. However,
the phosphorylation of mTORC1 targets is differentially sensitive to the mTORC1 inhibitor rapamycin, and the
drug inhibits HCMYV replication to a modest extent. Using Torinl, a newly developed inhibitor that targets the
catalytic site of mTOR kinase, we show that HCMYV replication requires both rapamycin-sensitive and rapamycin-
resistant mTOR activity. The treatment of infected cells with Torinl inhibits the phosphorylation of rapamycin-
sensitive and rapamycin-resistant mTOR targets and markedly blocks the production of virus progeny. The
blockade of mTOR signaling with Torinl, but not rapamycin, disrupts the assembly of the eIF4F complex and
increases the association of the translational repressor 4EBP1 to the 7-methylguanosine cap-binding complex.
Torinl does not affect HCMYV entry and only modestly reduces the accumulation of the immediate-early and early
viral proteins that were tested despite the disruption of the eIF4F complex. In contrast, Torinl significantly
decreases the accumulation of viral DNA and the pUL99 viral late protein. Similar mTOR signaling events were
observed during murine cytomegalovirus (MCMY) infection, and we utilized murine fibroblasts containing several
different mutations to dissect the mechanism by which Torin1 inhibits MCMYV replication. This approach demon-
strated that mTORC2 and the Aktl and Akt2 kinases are not required for the Torinl-mediated inhibition of
cytomegalovirus replication. The inhibition of MCMY replication by Torinl was rescued in cells lacking 4EBP1,
demonstrating that the inactivation of 4EBP1 by mTORCT1 is critical for cytomegalovirus replication. Finally, we
show that Torinl inhibits the replication of representative members of the alpha-, beta-, and gammaherpesvirus

families, demonstrating the potential of mTOR kinase inhibitors as broad-spectrum antiviral agents.

As intracellular parasites with limited genetic resources, vi-
ruses must rely on the host cell machinery to perform tasks
essential for viral replication, even as host cell defense mech-
anisms inactivate many processes most commonly hijacked by
viruses. As a consequence, viruses have evolved mechanisms to
maintain the function of these cellular processes and to subvert
them for their own ends.

Viruses typically reprogram the host protein synthetic path-
way to favor the translation of viral mRNAs (1, 3, 13). In
response, the host cell has evolved multiple defenses to inhibit
the translation of viral proteins, and viruses have evolved
mechanisms to antagonize this response. For example, double-
stranded RNA (dsRNA) produced during viral infection acti-
vates protein kinase R, which phosphorylates and inactivates
the translation initiation factor eIF2a, blocking the initiation
of translation. The activation of protein kinase R is an effective
antiviral mechanism, so much so that multiple viruses, includ-
ing members of all three subfamilies of herpesviruses, have
evolved strategies to counteract the effects of PKR on viral
replication (5, 17, 28, 33, 35, 36). By encoding proteins that
disable the host cell control of translation, viruses maintain the
capacity of the infected cell to translate viral proteins.

Viruses also induce cellular signaling pathways that activate
translation and then reprogram the activated translational ap-
paratus to promote the synthesis of viral proteins. The mam-
malian target of rapamycin (mTOR) kinase is a metabolic
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sensor that regulates translation (37). The mTOR serine/
threonine kinase is the catalytic subunit of two complexes,
mTORC1 and mTORC?2, that control cell growth, prolifera-
tion, and survival. The activation of mMTORCI signaling results
in the initiation of several processes required for the efficient
translation of 7-methyl guanosine (m’G)-capped mRNAs.
mTORCI1 phosphorylates and induces the activity of the p70
S6 kinase (4), which in turn phosphorylates ribosomal protein
S6 (rpS6) to promote ribosome biogenesis. At the same time,
mTORCI1 phosphorylates and inactivates the translational re-
pressor 4EBP1 (4, 11, 15, 27). The translation of capped
mRNAs requires the eIF4AF complex, which is composed of
elF4E, elF4A, and eIF4G (14, 43). The eIF4F complex binds
to the m’G cap of mRNAs and facilitates their association with
the ribosome. Hypophosphorylated 4EBP1 binds to the
mRNA cap recognition protein eIF4E, preventing the forma-
tion of the eIF4F complex and thereby blocking translation
(38). The phosphorylation of 4EBP1 by mTORCI blocks its
ability to bind to eIF4E, resulting in an increased translation of
capped mRNAs (4).

Given its important role in the regulation of cap-dependent
translation, it is not surprising that multiple viruses that rely on
cap-dependent mRNA translation have evolved mechanisms
to ensure that mMTORC1 remains active during infection. As a
case in point, human cytomegalovirus (HCMV), a widespread
betaherpesvirus that causes life-threatening disease in immu-
nologically immature or compromised individuals, utilizes cap-
dependent mRNA translation for its protein synthesis (3), and
it induces mTOR activity, presumably to increase the transla-
tion of viral proteins (21, 24, 53). Furthermore, to maintain
mTORCI1 activityy, HCMV encodes a protein, pUL38, that
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binds to and inhibits the tuberous sclerosis protein complex
(TSC1/TSC2) (31). The TSC1 and TSC2 proteins function as a
heterodimer, which limits mTORCI activity in response to
cellular stresses such as limited nutrient availability (20, 45).
pUL38 alone is sufficient to prevent the inhibition of mMTORC1
under limiting nutrient conditions and when TSC1/TSC2 ac-
tivity is induced by drug treatment. Under these conditions, the
classical mTORCI1 inhibitor rapamycin inhibits mTORCI in
the presence of the viral protein, demonstrating that pUL38
maintains the phosphorylation of mTORCT1 targets by manip-
ulating the canonical signaling pathway.

HCMV infection induces a unique set of events in the
mTOR signaling pathway. While the phosphorylation of the
mTORC1 effector rpS6 is inhibited by rapamycin during
HCMYV infection, the phosphorylation of the 4EBP1 protein
becomes insensitive to the effects of rapamycin within 12 h after
infection (24). The mechanism supporting the rapamycin-resis-
tant phosphorylation of 4EBP1 is unclear. It was proposed pre-
viously that the other mTOR-containing complex, mTORC2,
could replace mTORCI during infection (23). While normally
insensitive to rapamycin, mMTORC2 may become rapamycin sen-
sitive during HCMV infection. Another possibility is that a kinase
other than mTORCI is responsible for 4EBP1 phosphorylation
during HCMYV infection. This kinase could be of cellular or viral
origin, as several cellular kinases have been shown to be capable
of phosphorylating 4EBP1 in vitro (12, 18), and HCMV encodes
a protein kinase (pUL97). A third possibility is that a modified
mTORCI1 activity is induced in infected cells, which is resistant to
rapamycin.

Rapamycin blocks mTORC1 kinase activity through a
unique mode of action. Rather than binding to mTOR directly,
rapamycin first binds to its intracellular receptor FKBP12. The
rapamycin-FKBP12 complex then binds mTOR, preventing its
association with the essential mMTORCI1 component Raptor.
Despite its widespread use as an inhibitor of mTORC1, rapa-
mycin does not exert as profound an effect on cellular protein
synthesis as would be predicted. In fact, many mammalian cell
types are relatively resistant to the inhibition of protein syn-
thesis by rapamycin. Recently, several groups have developed
anew class of mTOR inhibitors that directly target the catalytic
site of the mTOR kinase (41). One such drug, Torinl, has been
utilized to identify a previously unrecognized rapamycin-resis-
tant mTORCI activity (47). In contrast to rapamycin, Torinl
profoundly inhibits protein synthesis by disrupting the forma-
tion of the eIF4F complex. The effects of Torinl are indepen-
dent of mTORC2 (47), as these events take place in cells
lacking the essential mMTORC2 component Rictor.

In this work we use Torinl to show that rapamycin-resistant
mTORCT1 activity is required for efficient herpesvirus replica-
tion. We show that during cytomegalovirus infection, the reg-
ulation of 4EBP1 phosphorylation by rapamycin-resistant
mTORCI1 is a critical event required for viral replication.

MATERIALS AND METHODS

Cells, viruses, and reagents. Primary human foreskin fibroblasts were grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% normal calf
serum and used between passages 6 and 14. 10.1 murine embryonic fibroblasts
(MEFs) were grown in DMEM containing 10% fetal bovine serum, as were
Rictor-null (40), Aktl- and Akt2-null (32), and 4EBP1-null MEFs (48). Cell
viability was assessed by a trypan blue exclusion assay.
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Phenotypically wild-type (WT) HCMV was prepared by the transfection of
human fibroblasts with a bacterial artificial chromosome (BAC) clone of the
AD169 strain modified to contain the green fluorescent protein (GFP) open
reading frame (ORF) under the control of the simian virus 40 (SV40) early
promoter (BADinGFP) (54). Murine cytomegalovirus (MCMV) was obtained by
the transfection of a Smith strain BAC plasmid (50) into 10.1 MEFs. MCMV
stocks were grown on 10.1 MEFs, and titers were determined. The KOS strain of
herpes simplex virus type 1 (HSV-1) (10) was grown on 10.1 MEFs, and titers
were determined, as was the WUMS strain of murine gammaherpesvirus 68
(YHV68) (49).

Unless otherwise noted, the following inhibitors were used at the indicated
concentrations: rapamycin (20 nM; Cell Signaling Technology), Torinl (250 nM;
generously provided by N. Gray, Harvard Medical School), and LY294002 (20
nM; Cell Signaling Technology).

Multistep growth analysis of viruses. Human fibroblasts or 10.1 MEFs were
plated at confluence and serum starved for 48 h prior to infection. Cells were
infected at a multiplicity of 0.05 PFU/cell with the indicated virus in serum-free
DMEM. Cells in six-well plates were incubated with virus in 300 pl of medium
for 1 h with rocking every 15 min. After adsorption, the inoculum was removed
and replaced with fresh serum-free medium. The amount of virus present in
cell-free supernatants was quantified by the 50% tissue culture infective dose
(TCIDsy) method on primary human fibroblasts (HCMV) or 10.1 MEFs
(MCMV, HSV-1, and yHVG68).

m’GTP-Sepharose capture assay. Cells were plated to achieve confluence in
10-cm dishes and were serum starved for 48 h prior to infection at a multiplicity
of 3 PFU/cell. At the indicated times, cells were harvested by scraping them into
medium and were stored as frozen cell pellets at —80°C until use. Cell pellets
were lysed in 500 pl of cap lysis buffer {40 mM HEPES (pH 7.6), 120 mM NaCl,
1 mM EDTA, 10 mM B-glycerophosphate, 0.3% 3-[(3-cholamidopropyl)-di-
methylammonio]-1-propanesulfonate (CHAPS)}. The protein concentration of
lysates was quantified by using the Bradford assay (Bio-Rad). Equal amounts of
protein were used in each immunoprecipitation in a total volume of 1 ml of cap
lysis buffer. Following the addition of 10 ul of 7-methyl GTP (m’GTP)-coupled
Sepharose, lysates were incubated at 4°C with mixing. After 1 h, the m’GTP-
Sepharose was washed three times with cap lysis buffer and then resuspended in
1x SDS sample buffer. The samples were boiled at 100°C for 5 min and then
centrifuged at 14,000 X g for 3 min prior to electrophoresis in acrylamide gels for
Western blot analysis.

Western blot analysis of proteins. Cells were lysed in radioimmunoprecipita-
tion assay (RIPA) buffer (50 mM Tris-HCI [pH 7.4], 1% NP-40, 0.25% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA) containing protease inhibitors (com-
plete EDTA free; Roche). Protein concentrations in each lysate were deter-
mined by the Bradford assay. Unless otherwise noted, 30 pg of protein was
analyzed per sample. Proteins in cell lysates were resolved on 10% SDS-contain-
ing polyacrylamide gels, with the following exceptions: for 4EBP1 blots, lysates
were resolved on 15% gels, and for eIF4G analysis, lysates were resolved on 8%
gels. Proteins were transferred onto Protran membranes by using a semidry
transfer apparatus. Membranes were blocked with phosphate-buffered saline
containing 0.1% Tween 20 (PBS-T) and 5% fat-free dried milk for 1 h prior to
incubation with primary antibody. When mouse monoclonal antibodies were
used, the antibody was diluted in PBS-T containing 1% bovine serum albumin
(BSA) and incubated with the membrane for 1 h at room temperature. Rabbit
polyclonal antibodies were diluted in PBS-T containing 5% BSA overnight at
4°C. Following extensive washing with PBS-T, blots were incubated with either
goat anti-mouse or goat anti-rabbit horseradish peroxidase (HRP)-coupled sec-
ondary antibodies diluted 1:5,000 in PBS-T containing 1% BSA. Membranes
were then washed again in PBS-T, and proteins were visualized by chemilumi-
nescence using ECL reagent (Amersham). The following antibodies were used in
this study: tubulin (Sigma) and rpS6, phospho-rpS6 (S235/6), 4E-BP1, phospho-
4E-BP1 (T37/46), Akt, eIF4G, eIF4E, and eIF4A (Cell Signaling Technology).
Antibodies to the HCMV proteins IE1 (56) and pUL99 (42) were described
previously. Antibody to the HCMV ULA44 protein was obtained from Virusys.

Determination of viral DNA and transcript accumulation in infected cells.
The accumulation of viral DNA during HCMV infection was monitored by
quantitative PCR (qPCR) as described previously (46). Briefly, primary human
fibroblasts were infected with BADinGFP at a multiplicity of 0.05 PFU/cell. At
the indicated times, cells were harvested by scraping them into medium and were
stored as frozen cell pellets until analysis. Cell pellets were resuspended in 500
wl of a solution containing 400 mM NaCl, 10 mM Tris (pH 7.5), and 10 mM
EDTA. Proteinase K (20 pg) was added together with 4 pl of a 20% SDS
solution. The lysate was incubated overnight at 37°C. Lysates were phenol-
chloroform extracted. RNase A was added (20 wg), and the lysates were incu-
bated at 37°C for 1 h. Lysates were extracted with phenol-chloroform and then
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with chloroform. DNA was precipitated by the addition of 1 ml of 100% ethanol
followed by centrifugation at 14,000 X g for 30 min. DNA was washed once in
70% ethanol prior to resuspension in 50 wl of 10 mM Tris (pH 7.5). For each
sample, DNA was quantified by using a NanoDrop spectrophotometer (Thermo
Scientific). Five hundred nanograms of DNA was added to 12.5 pl 2X SYBR
green PCR master mix (Applied Biosystems) and 2 pM each primer in a total
volume of 25 ul. As an additional control for equal loading, the amount of viral
DNA in each sample was normalized to the amount of the cellular glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) gene in each sample.

The UL99 transcript levels following infection were determined as described
previously (8). Briefly, total RNA was harvested at the indicated times by Trizol
(Invitrogen) extraction. DNase-treated RNA (0.5 ng) was reverse transcribed
with the TagMan reverse transcription reagent kit (Applied Biosciences) using
random hexamer primers. Two microliters of cDNA was added to SYBR green
master mix (Applied Biosciences) together with primers specific for UL99 (5'-
GTGTCCCATTCCCGACTCG-3" and 5'-TTCACAACGTCCACCCACC-3").
Actin levels were measured in the same samples by using the following primers:
5'-TCCTCCTGAGCGCAAGTACTC-3" and 5'-CGGACTCGTCATACTCCT
GCTT-3'. Copy numbers for UL99 and actin transcripts were determined by
comparing the threshold cycle for each sample to a standard curve, which con-
sisted of serial dilutions of a recombinant HCMV BAC that contains the actin
gene inserted into the UL21.5 locus. The standard curve for all experiments had
an R value greater than 0.98.

RESULTS

Torinl inhibits the production of HCMYV progeny. We first
determined the effects of the newly developed mTOR inhibitor
Torinl on HCMV replication. Fibroblasts were growth ar-
rested by serum starvation, infected with HCMV, and treated
with either Torinl or rapamycin, and growth was monitored
over multiple rounds of viral replication. As shown in Fig. 1A,
rapamycin treatment modestly inhibited HCMV replication,
achieving an ~8-fold effect on day 10, consistent with previous
results (24). In contrast, Torinl reduced the yield of HCMV by
a factor of ~160 on day 10. Torin1 was effective in blocking the
production of HCMV progeny over a range of concentrations,
with a 50% inhibitory concentration (ICs,) of ~60 nM (8 days
postinfection) (Fig. 1B). This dose compares favorably with the
1Cs4s of 2 to 10 nM at which Torinl inhibits the kinase activ-
ities of mTORCI1 and mTORC2 (47).

Previous reports have shown that although Torinl substan-
tially blocks cellular proliferation, it does not kill cells at con-
centrations of up to 500 nM (34, 47). We tested the effect of
250 nM Torinl on the viability of growth-arrested fibroblasts.
Torinl treatment did not affect the viability of these cells, with
more than 95% of the cells remaining viable over 10 days of
Torinl treatment (Fig. 1C). To further confirm that the viral
growth defect was not the result of cytotoxicity, we performed
a drug release experiment. Infected cells were treated with a
range of concentrations of Torinl for 8 days, after which the
cells were maintained in medium lacking Torinl. Eight days
later, virus in the supernatant was quantified by the TCIDs,,
method (16 days postinfection) (Fig. 1C). Following the re-
moval of the drug, HCMYV replication partially recovered in
cultures that had initially received 1 mM drug, substantially
recovered in cells that had received 250 nM drug, and com-
pletely recovered in cells that had received 100 nM Torinl. The
=100-fold increase in virus yield after the reversal of an 8-day
Torinl treatment further demonstrates that cells treated with
=250 nM drug remained viable.

These results demonstrate that Torinl is a potent inhibitor
of HCMYV replication. Given data from previous work demon-
strating the selectivity of Torinl for the mTOR kinase and its
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FIG. 1. HCMV replication is inhibited by Torinl. Serum-starved
confluent human fibroblasts were infected with HCMV at a multiplic-
ity of 0.05 PFU/cell. Cell-free virus was quantified by a TCIDj, assay,
and error bars represent the standard errors of the means from two
independent experiments, each performed in duplicate. (A) Torinl
inhibits HCMV replication to a greater extent than does rapamycin.
Immediately following viral adsorption, cells were treated with vehicle
alone (N) (black bars) (dimethyl sulfoxide [DMSO]), rapamycin
(T) (gray bars) (20 nM), or Torinl (T) (white bars) (250 nM). Super-
natants were harvested every other day and replaced with fresh me-
dium containing the appropriate treatment, and virus in the superna-
tant was assayed on the indicated days. (B) Inhibition of HCMV
replication is dose dependent and does not result from cellular toxicity.
Infected fibroblasts were treated with various doses of Torinl. Medium
with drug was replaced every other day, and virus in the supernatant
was assayed on day 8 postinfection (black bars). On day 8, a second set
of cultures was washed twice, serum-free medium containing no drug
was added to each well, and virus was assayed after an additional 8 days
(16 days postinfection) (white bars). (C) Torinl is not toxic to unin-
fected human fibroblasts. The viability of fibroblasts treated with
Torinl (250 nM) was monitored over a time course of 10 days by a
trypan blue exclusion assay.

ability to inhibit rapamycin-resistant mMTORCI activity (47), it
is very likely that this mTORCI activity is critically important
for HCMV lytic replication.

Torinl blocks the accumulation of viral DNA and a late
viral protein. To determine the nature of the blockade in the
viral life cycle imposed by Torinl, we initially examined the
impact of drug treatment at a dose of 250 nM on HCMV entry.
Cells were either pretreated for 24 h with Torinl or treated
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FIG. 2. Torinl does not affect HCMV entry into fibroblasts. Se-
rum-starved confluent fibroblasts were infected with HCMV at a mul-
tiplicity of 3 PFU/cell. (A) Torinl does not block the entry of viral
DNA. Serum-free confluent fibroblasts were pretreated with Torinl
(T) (250 nM) for 24 h prior to infection (Pre) or beginning immedi-
ately after adsorption at 1 hpi (Post). Control cultures received the
vehicle in which Torinl was dissolved (NT). At 2 hpi cells were har-
vested, and cell-associated viral DNA was quantified by real-time PCR
analysis. Error bars represent the standard errors of the means from
two independent experiments performed in duplicate. (B) Torinl does
not alter the accumulation of the HCMV IEL1 protein. The level of IE1
was determined at 6 hpi by a Western blot assay using an IE1-specific
monoclonal antibody. The image is representative of two independent
experiments. (C) Torinl does not alter the percentage of infected cells.
The expression of a GFP marker gene present in the viral genome was
monitored at 24 h after infection in the presence or absence of drug.

with drug immediately following viral adsorption. The level of
cell-associated viral DNA at 2 h postinfection (hpi) was not
influenced by either drug treatment regimen (Fig. 2A). When
the expression of the HCMV immediate-early IE1 protein was
examined under these conditions, there was no appreciable
difference in the amount of IE1 relative to cell-coded tubulin
between the Torinl-treated and untreated cells at 6 hpi (Fig.
2B). Furthermore, drug treatment did not alter the percentage
of cells expressing a GFP marker protein expressed from the
virus genome at 24 hpi (Fig. 2C). Together, these results dem-
onstrate that the initial steps of the HCMV life cycle, including
the binding and entry of the virion and the expression of an
immediate-early protein, are not affected by Torinl.

Having established that HCMV enters cells normally in the
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FIG. 3. Torinl has little effect on the accumulation of an immedi-
ate-early protein and an early protein but inhibits the accumulation of
HCMV DNA and a late protein. (A) Rapamycin-resistant mTOR
activity is required for the accumulation of an some but not all HCMV
proteins. Serum-starved confluent fibroblasts were infected with
HCMYV at a multiplicity of 3 PFU/cell and then incubated with vehicle
(N) (DMSO), rapamycin (R) (20 nM), or Torin1 (T) (250 nM) imme-
diately following adsorption. Cells were harvested at the indicated
times, and the accumulation of the indicated proteins was analyzed by
Western blotting. (B) Torinl inhibits HCMV DNA accumulation. Se-
rum-starved confluent human fibroblasts were infected with HCMV at
a multiplicity of 0.05 PFU/cell and incubated with vehicle, rapamycin,
or Torinl as described above (A). At the indicated times DNA was
isolated, and viral DNA was quantified by qPCR. Equivalent amounts
of DNA were analyzed for each sample, and the results are normalized
to the level of actin DNA per sample. (C) The levels of the viral late
transcript UL99 are inhibited by Torinl treatment. Fibroblasts were
infected with HCMV at a multiplicity of 3 PFU/cell and treated with
vehicle, rapamycin, or Torinl as described above (A). At the indicated
times the amount of UL99 RNA was determined by qPCR, and the
results are normalized to the amount of actin RNA in each sample.

presence of Torinl, we next determined the effect of Torinl
compared to rapamycin on the accumulation of representative
viral proteins from each kinetic class as after infection (Fig.
3A). Rapamycin had little effect on the accumulation of the
immediate-early protein IE1 and the early protein pUL44, and
it reduced the level of the late protein pUL99 to a modest
extent. Torin1 inhibited the accumulation of IE1 and pULA44 to
a limited extent, but it dramatically reduced the amount of
pUL99. Since the expression of pUL99 is dependent on the
initiation of viral DNA replication (9), we tested whether
Torin] inhibits viral DNA accumulation (Fig. 3B). Viral DNA
accumulation was measured by quantitative real-time PCR of
fibroblasts treated with rapamycin or Torinl. Rapamycin mod-
estly inhibited viral DNA accumulation, consistent with its
effect on the production of HCMV progeny. In contrast,
Torinl reduced viral DNA accumulation at 96 hpi by >150-
fold. This finding suggested that the inhibition of viral late
protein expression reflects a reduced transcription of viral late
RNAs due to the inhibition of viral DNA accumulation. To
test this hypothesis, we measured the levels of expression of
UL99 mRNA in the presence of Torinl and rapamycin. Both
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FIG. 4. Rapamycin-resistant mTOR activity is required for 4EBP1 phosphorylation and eIF4F complex integrity during HCMV infection.

Serum-starved confluent human fibroblasts were infected with HCMV at

a multiplicity of 3 PFU/cell. At 1 hpi, cultures were treated with the

vehicle in which drugs were dissolved (N) (DMSO), rapamycin (R) (20 nM), or Torinl (T) (250 nM). (A) At 48 hpi the phosphorylation status
of mTORCI targets was assessed by Western blot assay by using antibodies to phosphorylated targets (4EBP1-P™74¢ and rpS6-P5**>®) and total
proteins. Tubulin was assayed as a loading control. (B) Same as above (A) except that cells were harvested at the indicated times. (C and D) After

mock infection (M) or infection with HCMV (WT) at a multiplicity of 3

PFU/cell, cultures were harvested at the indicated times. Equivalent

amounts of protein from each sample were incubated with m’GTP-Sepharose, and the isolated protein complexes were analyzed by Western

blotting using the indicated antibodies to the eIF4F complex and 4EBP1.
experiments. lys, lysate.

rapamycin and Torinl decreased the levels of UL99 mRNA,
and Torinl had a greater effect than rapamycin (Fig. 3C). The
decreased level of UL99 mRNA in Torinl-treated cells is con-
sistent with the observed inhibition of viral DNA accumula-
tion. The decrease in UL99 protein levels may be more severe
than the decrease in UL99 mRNA levels, raising the possibility
that mTOR activity might play a role in viral late protein
synthesis specifically. However, an interpretation of these re-
sults in terms of an effect on late translation is confounded by
the drug’s effect on DNA accumulation.

In sum, these results demonstrate that a rapamycin-insensi-
tive mTOR activity is required for efficient HCMV DNA ac-
cumulation but is dispensable for the expression of viral im-
mediate-early and early proteins.

Torin1 blocks the phosphorylation of 4EBP1 within HCMV-
infected cells. We next investigated the effect of Torinl on the
phosphorylation of mTORCI1 targets during HCMV infection.
HCMV infection induces mTORCI activity, but the phosphor-
ylation of mTORCI1 targets is differentially sensitive to the
mTORCI inhibitor rapamycin (24, 53). While the mTORC1
phosphorylation of p70 S6 kinase, and its subsequent phosphor-
ylation of rpS6, is inhibited by rapamycin during HCMV in-
fection (21, 24, 53), the phosphorylation of another mTORC1
target, 4EBP1, is resistant to rapamycin (24). This differential
effect on mTOR targets could indicate that a kinase other than
mTOR is responsible for 4EBP1 phosphorylation during infec-
tion. To test this possibility, we treated infected fibroblasts with

In all cases the results are representative of at least two independent

rapamycin or Torinl and assessed the phosphorylation status
of 4EBP1 and rpS6. Both drugs markedly inhibited the induc-
tion of rpS6 phosphorylation that is normally observed during
HCMYV infection, but only Torinl substantially blocked the
phosphorylation of 4EBP1 (Fig. 4A). This was evident both by
the failure to detect phosphorylated 4EBP1-P*37/4¢ by using an
antibody specific for the phosphoform and by the altered mi-
gration of total 4EBP1 in the presence of the drug. Total
4EBP1, rpS6, and tubulin levels were monitored to control for
protein recovery. The differential effects of the drugs were
observed throughout the course of infection (Fig. 4B). These
results demonstrate that the rapamycin-resistant phosphoryla-
tion of 4EBP1 during HCMV infection is dependent on
Torinl-sensitive mTOR activity rather than the action of an-
other kinase.

The phosphorylation status of 4EBP1 regulates cap-depen-
dent protein translation. Hypophosphorylated 4EBP1 binds to
elF4E and inhibits the formation of the eIF4F complex, while
the phosphorylation of 4EBP1 inhibits its interaction with
elF4E (43). The ability of Torinl to markedly inhibit 4EBP1
phosphorylation led us to examine the levels of the intact
elF4F complex in Torinl-treated cells. HCMV infection
caused a decreased association of 4EBP1 with an analog of the
m’G cap, m’GTP-Sepharose, throughout the course of infec-
tion (Fig. 4C), as was previously described (53). Rapamycin
treatment did not increase the amount of 4EBP1 associated
with the cap analog, consistent with its inability to block 4EBP1
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phosphorylation during infection. In contrast, Torinl treat-
ment resulted in a substantially increased association of 4EBP1
with m’GTP-Sepharose throughout infection. HCMV infec-
tion did not alter the association of eIF4E with the cap analog,
and this served as a loading control. In addition, the amount of
tubulin in cell lysates was assayed to confirm that equal
amounts of protein in each sample were loaded onto the cap
analog. The increased level of 4EBP1 associated with m’GTP-
Sepharose was consistent with the reduced association of
elF4G and elF4A with the cap analog following Torin1 treat-
ment (Fig. 4D). Rapamycin had minimal effects on the binding
of eIF4G and eIF4A. Again, eIF4E levels were not affected by
the drug and served as a loading control. These results indicate
that the phosphorylation of 4EBP1 by rapamycin-resistant
mTOR is required to maintain the integrity of the eIF4F com-
plex during HCMYV infection.

Torinl does not block MCMYV replication in 4EBP1-null
cells. The identification of the functional roles of proteins in
the mTOR signaling pathway has been facilitated by the gen-
eration of knockout mouse strains lacking individual mTOR
components. For example, the availability of murine embry-
onic fibroblasts (MEFs) lacking the essential mMTORC2 com-
ponent Rictor led to the definitive identification of mMTORC2
as the kinase complex responsible for the complete activation
of Akt (16, 40). We used murine cytomegalovirus (MCMV)
and several MEF lines deficient for mTOR signaling pathway
components to test for a possible contribution of mMTORC2 to
rapamycin-resistant phosphorylation events. To confirm that
MCMYV behaves like HCMV and is a suitable model for the
analysis of mTOR signaling events, we determined the effect of
Torinl and rapamycin on MCMV growth and mTOR-depen-
dent phosphorylation events in MEFs. As was the case for
HCMV, Torinl, but not rapamycin, inhibited MCMYV replica-
tion (Fig. 5A). Indeed, although rapamycin reduced the yield
of HCMV to a modest extent (Fig. 1A), it had no inhibitory
effect on MCMV. Also as observed for HCMV (Fig. 4A),
MCMYV infection induced mTORCI activity, as measured by
the increased phosphorylation of rpS6. The phosphorylation of
rpS6 was completely inhibited by rapamycin, Torinl, and
LY294002, an inhibitor of class 1 phosphatidylinositol 3-kinase
and mTOR (44), whereas the phosphorylation of 4EBP1 was
inhibited by Torinl and LY294002 but not rapamycin (Fig.
5B). Total rpS6 protein was assayed and served as a loading
control. Like HCMV, MCMYV induces the mTOR signaling
pathway, and it depends on rapamycin-resistant mTOR activity
to induce the phosphorylation of 4EBP1.

Having established that MCMV induces a set of mTOR
signaling events similar to that of HCMV, we characterized the
effect of Torinl and rapamycin treatment on MEFs deficient
for various effectors of mTOR action. We first investigated the
requirement for mMTORC?2 for the replication of MCMV. Ric-
tor-null MEFs (40) supported viral growth (no treatment) (Fig.
6A), demonstrating that mTORC?2 is not required for efficient
MCMYV replication. Furthermore, Torinl effectively inhibited
MCMV replication (Fig. 6A) and 4EBP1 phosphorylation
(Fig. 6B) in these cells, arguing that mMTORC2 is not the target
for Torinl in MCMV-infected cells. Finally, the cells were
confirmed to lack an intact Rictor locus when assayed by PCR
(Fig. 6C). We also employed Aktl/Akt2-null MEFs (32) to
evaluate a possible role for the Akt kinase, one of the targets
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FIG. 5. MCMYV replication is inhibited by Torinl. (A) Torinl but
not rapamycin inhibits the production of MCMYV progeny. MEFs were
infected with MCMV at a multiplicity of 0.05 PFU/cell and treated
with vehicle (black bars) (DMSO), rapamycin (gray bars) (20 nM), or
Torinl (white bars) (250 nM). Fresh serum-free medium containing
drugs was added every other day. At the indicated times, cell-free
supernatants were harvested, and the amount of virus in the superna-
tant was quantified by the TCIDs, method. Error bars represent the
standard errors of the means form two independent experiments per-
formed in duplicate. (B) MEFs were infected with MCMV at a mul-
tiplicity of 3 PFU/cell and treated with vehicle (N), rapamycin (R), or
Torinl (T) as described above (A) or were treated with LY294002
(LY) (20 pM). At 48 hpi the phosphorylation state of the indicated
mTORCI targets was analyzed by a Western blot assay by using anti-
bodies to phosphorylated targets (4EBP1-P™74¢ and rpS6-P5?*>°) and
total proteins. The results are representative of three independent
experiments.

of mTORC2. These cells supported Torin-sensitive MCMV
replication (Fig. 6D), and Torinl inhibited 4EBP1 phosphory-
lation in the absence of Akt (Fig. 6E), ruling out this kinase as
the Torinl target in MCMV-infected cells. Again, the cells
were confirmed to lack Akt by Western blot assay (Fig. 6F).
The inhibition of HCMV replication by Torinl correlated
with the hypophosphorylation of 4EBP1 (Fig. 3 and 4), sug-
gesting that this phosphorylation event might be the critical
Torinl target. Accordingly, we tested the ability of Torinl to
inhibit MCMYV replication in 4EBP1-null MEFs (48). MCMV
replicated as well in these cells as in normal MEFs, indicating
that 4EBP1 is not required for cytomegalovirus replication
(4EBP1 /", no treatment) (Fig. 7A). As in control cells, rapa-
mycin had a minimal impact on MCMYV replication in 4EBP1-
null cells. Importantly, Torinl was no longer capable of inhib-
iting MCMYV replication in cells lacking 4EBP1 (Fig. 7A). As
discussed above, 4EBP1 functions to inhibit eIF4F complex
assembly unless inactivated by mTORCI1-mediated phosphor-
ylation (38). While Torinl treatment inhibited the formation
of the eIF4F complex in control cells, no such effect was ob-
served for 4EBP1-null cells (Fig. 7B). Finally, our failure to
detect 4EBP1 in lysates of these cells by Western blot assay
confirmed the phenotype of the MEFs. We conclude that
4EBP1 is the critical target providing sensitivity to Torinl
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FIG. 6. mTORC2 and its target Akt are not the source of rapa-
mycin-resistant mTOR activity. (A) MCMV growth is inhibited by
Torinl in Rictor-null MEFs. Confluent serum-starved cells were in-
fected with MCMV at a multiplicity of 0.05 PFU/cell, and vehicle
(black bars) (DMSO), rapamycin (gray bars) (20 nM), or Torin1 (white
bars) (250 nM) was added at 1 hpi. At 6 days postinfection the amount
of MCMV in cell-free supernatants was determined by the TCIDj,
method. (B) Torinl blocks 4EBP1 phosphorylation in Rictor-null
MEFs. MEFs were mock infected (M) or infected with MCMV (WT)
at a multiplicity of 3 PFU/cell and treated with vehicle (N), rapamycin
(R), or Torinl (T) as described above (A). At 48 hpi, the phosphory-
lation state of mMTORCI1 targets was assessed by Western blotting using
antibodies specific for the indicated proteins. (C) Confirmation of the
genotype of Rictor-null MEFs. Total DNA was isolated from wild-type
and Rictor-null MEFs, and the genotype was confirmed by use of PCR.
(D) Same as above (A) except that Aktl- and Akt2-null MEFs were
used. (E) Same as above (B) except that Aktl- and Akt2-null MEFs
were used. For B and E, the error bars represent the standard errors
of the means from at least two independent experiments, each per-
formed in duplicate. For C and E, tubulin was assayed as a loading
control. (F) Akt is not expressed in Akt1- and Akt2-null MEFs. Protein
from wild-type or mutant MEFs was analyzed by Western blotting by
use of an antibody specific for Akt.

during cytomegalovirus infection, and we propose that rapa-
mycin-resistant mMTORCI is required for the maintenance of
cap-dependent translation during the viral life cycle. This pro-
posal is consistent with previous work showing that the phos-
phorylation of 4EBP1 in uninfected cells is resistant to rapa-
mycin but inhibited by Torinl (47).

Members of all three herpesvirus subfamilies are inhibited
by Torinl. We were curious to determine if the requirement
for rapamycin-resistant mMTORCI activity was unique to cyto-
megaloviruses, which are betaherpesviruses, or if it was a gen-
eral feature of herpesvirus infection. We infected MEFs with
the alphaherpesvirus herpes simplex virus type 1 (HSV-1) and
the gammaherpesvirus murine gammaherpesvirus 68 (YHV68)
(Fig. 8A). These viruses exhibited the same drug sensitivities as
the cytomegaloviruses. While rapamycin was ineffective at pre-
venting HSV-1 and yHV68 replication, Torinl inhibited both
viruses over multiple rounds of viral replication. In addition,
Torinl, but not rapamycin, inhibited the phosphorylation of
4EBP1 during HSV-1 infection (Fig. 8B), and Torin1 failed to
inhibit the production of HSV-1 in cells lacking 4EBP1 (Fig.
8C). We conclude that rapamycin-resistant mTOR activity is
required for the replication of multiple herpesviruses.
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FIG. 7. Deletion of the mTORCI1 target 4EBP1 rescues replication
of MCMV in the presence of Torinl. (A) MCMV growth is not
inhibited by Torinl in 4EBP1-null MEFs. Confluent serum-starved
cells were infected with MCMYV at a multiplicity of 0.05 PFU/cell, and
vehicle (black bars) (DMSO), rapamycin (gray bars) (20 nM), or
Torinl (white bars) (250 nM) was added at 1 hpi. At 6 days postin-
fection the amount of MCMYV in cell-free supernatants was deter-
mined by the TCIDs, method. The error bars represent the standard
errors of the means from three independent experiments, each per-
formed in duplicate. (B) Torinl does not exclude eIF4G or elF4A
from the cap-binding complex in 4EBP1-null MEFs. Cells were in-
fected with MCMV at a multiplicity of 3 PFU/cell and treated with
vehicle (N), rapamycin (R), or Torinl (T) as described above (A). At
48 hpi equal amounts of protein from cell lysates were incubated with
m’G-Sepharose. The presence of eIF4F complex components bound
by the cap analog was determined by Western blotting. The results are
representative of two independent experiments.

DISCUSSION

Using Torinl, a selective, ATP-competitive mTOR inhibitor
(47), we show that rapamycin-resistant mTORCI activity is
required for herpesvirus growth in fibroblasts. The inhibition
of mTOR kinase with Torinl results in decreased HCMV
DNA accumulation (Fig. 3C), and consequently, Torin1 inhib-
its the accumulation of at least some HCMYV late proteins (Fig.
3A). Despite the disruption of the eIF4F complex (Fig. 4), the
viral immediate-early protein IE1 and the early protein pUL44
were translated at nearly normal efficiencies during infection
(Fig. 3A), suggesting that eIF4F- and mTOR-independent
events mediate the translation of at least some viral proteins.

MCMYV infection of MEFs induces the rapamycin-resistant
phosphorylation of 4EBP1, and Torinl inhibits 4EBP1 phos-
phorylation and MCMV growth (Fig. 5), demonstrating that
MCMYV is a suitable model system with which to study mTOR
signaling events. Using MEFs deficient for Rictor or Aktl and
Akt2, we show that MCMYV does not require mTORC?2 signal-
ing for viral replication and that neither mTORC2 nor Akt is
required for the rapamycin-resistant phosphorylation of
4EBP1 (Fig. 6). Rather, we find that the regulation of 4EBP1
activity by rapamycin-resistant mTORCTI is critical for MCMV
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FIG. 8. Rapamycin-resistant mTOR activity is required for lytic
replication by representative alpha- and gammaherpesviruses.
(A) Confluent serum-starved MEFs were infected at a multiplicity of
0.05 PFU/cell with HSV-1 or YHV68. The amount of virus in cell-free
supernatants was determined by the TCIDs, method at 72 hpi for
HSV-1 (left) and at 6 days postinfection for YHV68 (right). Black bars
represent vehicle-treated samples (N) (DMSO), gray bars represent
rapamycin-treated samples (R) (20 nM), and white bars represent
Torinl-treated samples (T) (250 nM). The error bars represent the
standard errors of the means from at least two independent experi-
ments. (B) Confluent MEF monolayers were infected with HSV-1 at a
multiplicity of 3 PFU/cell. Infected cell lysates were harvested at 8 hpi,
and equal amounts of protein were analyzed by Western blotting.
(C) WT or 4EBP1-null MEFs were infected with HSV-1 at a multi-
plicity of 0.05 PFU/cell. The amount of cell-free virus present in the
supernatant at 72 hpi was quantified by the TCID5, method. The error
bars represent the standard errors of the means from two independent
experiments.

replication, as Torinl was incapable of inhibiting MCMV
growth in 4EBP1-null fibroblasts (Fig. 7). Using HSV1 and
YHVG68, representative members of the alpha- and gammaher-
pesvirus families, respectively (Fig. 8), we demonstrate that the
requirement for rapamycin-resistant mTOR activity is con-
served among representatives of all three herpesvirus subfam-
ilies.

The activation of mTOR by herpesvirus infection was doc-
umented previously (2, 6, 21, 30, 52, 55). We show that the
mTOR activity required for herpesvirus replication is medi-
ated by mTORCI1 and that it is relatively insensitive to rapa-
mycin. This conclusion is based on several observations: (i)
previous work has shown that Torinl suppresses mTORCI
function more completely than rapamycin (47); (ii) Torinl
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inhibits the rapamycin-resistant phosphorylation of 4EBP1, a
well-known mTORCI1 target, within HCMV-infected cells
(Fig. 3); (iii) neither the mTORC2 complex nor its substrate
Akt was required for rapamycin-resistant 4EBP1 phosphoryla-
tion in MCM V-infected cells (Fig. 6); and (iv) Torinl did not
inhibit MCMYV replication or the assembly of the eIF4F cap-
binding complex within cells lacking 4EBP1, a known target of
mTORCI1 (Fig. 7). Currently, the nature of this rapamycin-
resistant mTORCI activity is unknown. Rapamycin binds to its
intracellular receptor FKBP12 (25), which then binds to the
mTOR kinase within the mTORCI1 complex (7, 22). There
might be a population of mMTORCI in which the formation of
the mTOR-rapamycin-FKBP12 trimer is unable to inhibit
mTORCT1 activity, perhaps due to the presence of additional
proteins in the complex. Alternatively, herpesviruses might
encode proteins that specifically act on or interact with the
mTORC1 complex to generate a subset of mMTORC1 com-
plexes in which rapamycin is no longer effective. It is also
possible that there is another uncharacterized mTOR complex
that phosphorylates mTORC1 targets and does not require
Raptor for its function.

We have found that rapamycin-resistant mTORCI activity is
required for HCMV DNA accumulation. How might mTORCI1
regulate viral DNA synthesis? It is possible that a viral protein
that is required for HCMV DNA replication requires rapamycin-
resistant mMTORCT for its expression. While the viral immediate-
early and early proteins assayed in this study are expressed in the
absence of rapamycin-resistant mMTORCI1 activity, these results do
not exclude the possibility that another viral protein required for
the accumulation of viral DNA is sensitive to Torinl and depen-
dent upon elF4F for its translation. Alternatively, the inhibition
of elF4F-dependent translation by Torinl may result in the de-
creased expression of one or more cellular proteins necessary for
viral DNA replication. This possibility is consistent with the ob-
servation that Torinl treatment inhibited the replication of rep-
resentative members of all three classes of herpesviruses (Fig. 8).
Finally, it is conceivable that mMTORCI facilitates DNA replica-
tion by the direct phosphorylation of a viral or cellular protein.
Further experiments to distinguish among these possibilities will
be needed to precisely define the role of mTORCI activity in
promoting HCMV DNA replication.

It is interesting that the accumulation of the HCMV imme-
diate-early protein IE1 and the early protein pUL44 was min-
imally affected by Torinl treatment as late as 96 hpi (Fig. 3A)
despite the disruption of the eIF4F complex beginning at 24
hpi (Fig. 4D). Since the elF4F complex is required for the
efficient translation of capped mRNAs, we had anticipated that
Torinl treatment would prevent the synthesis of viral proteins.
pULA44 very clearly continues to accumulate after 24 hpi, when
Torinl has excluded a significant portion of eIF4A and elF4G
from the complex. Possibly, the eIF4F complex is not com-
pletely disrupted during the immediate-early and early phases
of HCMYV gene expression, and viral mRNAs compete effec-
tively for the limited amount of complex that remains. It is also
conceivable that the translation of HCMV proteins is mediated
by another, as-yet-undefined, mechanism. How might HCMV
achieve the elF4F-independent synthesis of a portion of its
proteins? The host response to viral infection typically includes
the inhibition of protein synthesis (29). Viruses have evolved
multiple means by which to maintain protein translation under
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these conditions to facilitate the expression of viral proteins (39).
There is precedent in the herpesvirus family for the regulation of
translational initiation. The ribonucleotide reductase homolog
of herpes simplex virus, ICP6, binds to the eIF4F complex.
ICP6 promotes elF4F complex assembly by binding to its
elF4G subunit (51). Similar events may take place during
HCMYV infection, which could conceivably allow for the trans-
lation of viral proteins in the absence of a complete elF4F
complex. HCMV may also encode proteins that act to promote
the translation of viral proteins in the complete absence of
elF4F. The finding that HCMYV proteins are translated under
conditions that disrupt eIF4F assembly provides a system with
which to search for the cellular and viral proteins critical for
continued protein translation in response to virus-induced
stress.

Finally, we have discovered that rapamycin-resistant mTOR
activity appears to be a common requirement for herpesvirus
lytic replication (Fig. 1 and 8). This finding, together with
previous work showing that rapamycin limits the scope and
severity of beta- and gammaherpesvirus disease in immuno-
compromised patients (6, 19, 26), suggests that drugs like
Torinl, which target the catalytic activity of mTOR, may be
useful as broad-spectrum antiviral agents for the treatment of
herpesvirus disease.
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