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ABSTRACT Human cytomegalovirus (HCMV) utilizes peripheral blood monocytes as a
means to systemically disseminate throughout the host. Following viral entry, HCMV
stimulates non-canonical Akt signaling leading to the activation of mTORC1 and the
subsequent translation of select antiapoptotic proteins within infected monocytes.
However, the full extent to which the HCMV-initiated Akt/mTORC1 signaling axis
reshapes the monocyte translatome is unclear. We found HCMV entry alone was
able to stimulate widescale changes to mRNA translation levels and that inhibition
of mTOR, a component of mTORC1, dramatically attenuated HCMV-induced protein
synthesis. Although monocytes treated with normal myeloid growth factors also
exhibited increased levels of translation, mTOR inhibition had no effect, suggesting
HCMV activation of mTOR stimulates the acquisition of a unique translatome within
infected monocytes. Indeed, polyribosomal profiling of HCMV-infected monocytes
identified distinct prosurvival transcripts that were preferentially loaded with ribosomes
when compared to growth factor-treated cells. Sirtuin 1 (SIRT1), a deacetylase that
exerts prosurvival effects through regulation of the PI3K/Akt pathway, was found to be
highly enriched following HCMV infection in an mTOR-dependent manner. Importantly,
SIRT1 inhibition led to the death of HCMV-infected monocytes while having minimal
effect on uninfected cells. SIRT1 also supported a positive feedback loop to sustain
Akt/mTORC1 signaling following viral entry. Taken together, HCMV profoundly reshapes
mRNA translation in an mTOR-dependent manner to enhance the synthesis of select
factors necessary for the survival of infected monocytes.

IMPORTANCE Human cytomegalovirus (HCMV) infection is a significant cause of
morbidity and mortality among the immunonaive and immunocompromised. Peripheral
blood monocytes are a major cell type responsible for disseminating the virus from
the initial site of infection. In order for monocytes to mediate viral spread within the
host, HCMV must subvert the naturally short lifespan of these cells. In this study, we
performed polysomal profiling analysis, which demonstrated HCMV to globally redirect
mRNA translation toward the synthesis of cellular prosurvival factors within infected
monocytes. Specifically, HCMV entry into monocytes induced the translation of cellular
SIRT1 to generate an antiapoptotic state. Defining the precise mechanisms through
which HCMV stimulates survival will provide insight into novel anti-HCMV drugs able to
target infected monocytes.

KEYWORDS cytomegalovirus, monocytes, translation

H uman cytomegalovirus (HCMV) is an endemic betaherpesvirus with seroprevalence
rates ranging between 40% and 90% globally (1). HCMV infection of healthy
immunocompetent individuals is generally self-limiting but may present as acute
mononucleosis-like symptoms (2, 3). However, for patients with a compromised immune
status, including HIV/AIDS, chemotherapy, or organ transplant patients, HCMV remains

February 2024 Volume 98 Issue 2

Editor Anna Ruth Cliffe, University of Virginia,
Charlottesville, Virginia, USA

Address correspondence to Gary C. Chan,
chang@upstate.edu.

The authors declare no conflict of interest.
See the funding table on p. 16.

Received 1 December 2023
Accepted 22 December 2023
Published 30 January 2024

Copyright © 2024 American Society for
Microbiology. All Rights Reserved.

10.1128/jvi.01888-23 1


https://crossmark.crossref.org/dialog/?doi=10.1128/jvi.01888-23&domain=pdf&date_stamp=2024-01-30
https://doi.org/10.1128/jvi.01888-23
https://doi.org/10.1128/ASMCopyrightv2

Full-Length Text

as a significant cause of morbidity and mortality (4-6). Furthermore, HCMV is the most
common congenital infection often leading to deafness, blindness, and long-term
neurologic sequelae in infected neonates (7-9). Acute HCMV disease is hallmarked by
systemic viral dissemination and widespread inflammation leading to severe end-organ
damage (10-12).

Peripheral blood monocytes are a critical cell type involved in the HCMV dissemi-
nation strategy (13-17). However, monocytes are inherently short-lived cells with an
average lifespan of 48 h in the absence of differentiation stimuli following release
from the bone marrow. Furthermore, monocytes are not fully permissive for HCMV
replication (quiescent infection) unless differentiated into long-lived macrophages (14,
18). To overcome these obstacles, we have shown HCMV binding and entry gen-
erates a unique signalsome that promotes the survival and differentiation of short-
lived monocytes into long-lived replication permissive macrophages (19-23). A major
outcome of the HCMV-specific signalsome is the translation of select antiapoptotic
proteins not upregulated during monocyte-to-macrophage differentiation initiated by
normal myeloid growth factors (24-26).

During HCMV entry, viral glycoproteins gB and gH simultaneously engage epidermal
growth factor receptor (EGFR) and integrin 1, respectively, to trigger signaling necessary
for the survival and differentiation of HCMV-infected monocytes (27-30). Specifically,
HCMV stimulates a persistent Akt activation following infection of monocytes, which was
in contrast to the transient activation of Akt induced by EGF (24, 31). Furthermore, the
synchronized activation of EGFR and integrin 31 stimulates a non-canonical activation
of the PI3K/AKT signaling pathway leading to a site-specific phosphorylation at residue
serine 473 (S473) on Akt rather than the canonical threonine 308 (T308) and S473
activation profile observed with normal myeloid growth factors (25). As the substrate
specificity is dependent on the phosphorylation ratio between T308 and S473, the
chronic site-specific phosphorylation at S473 indicates a distinct biological activity
exhibited by HCMV-activated Akt (32-34). In support, Akt-dependent antiapoptotic
factors Mcl-1 and HSP27 were translated at higher rates in HCMV-infected monocytes
relative to growth factor-treated cells (24, 35).

mTOR is a downstream target of Akt and a component of the mTORC1 complex,
which serves as a critical regulatory signaling hub mediating cap-dependent transla-
tion. HCMV-mediated signaling through mTORC1 leads to the phosphorylation of key
translation initiation factors, including elF4E, elF4G, 4E-BP1, and S6K1 (36-38). These
initiation factors work in concert to assemble the elF4F translation initiation complex and
facilitate recruitment of mRNAs. During times of cellular stress, such as viral infections,
AMP-regulated kinase (AMPK) hinders mTORC1 through the tuberous sclerosis com-
plex to limit cap-dependent translation (39-41). Simultaneously, AMPK upregulates the
expression of protective cap-independent and internal ribosome entry site (IRES)-medi-
ated translation, which are designed to be cytoprotective during stress events (42).
However, HCMV drives the simultaneous activity of AMPK and mTORCI1, allowing for
both cap-independent and cap-dependent mRNA translation (43, 44). During HCMV lytic
infection of fibroblasts, the viral protein pUL38 maintains cap-dependent translation
by blocking the AMPK-mediated inhibition of mTORC1 (45, 46). In quiescently infected
monocytes, HCMV usurps heat shock actor 1, a stress response factor, to uncouple
AMPK and mTORC1 activities to allow for the simultaneous expression of both stress and
non-stress survival factors (47). These studies suggest HCMV manipulates the PI3K/AKT/
mTORCT1 signaling axis to drive a highly unique translational landscape by simultane-
ously increasing both cap-dependent and cap-independent translation to promote the
viability and differentiation of infected monocytes. However, the extent to which HCMV
regulates the cellular translatome of quiescently infected monocytes and the role that
the PI3K/AKT/mTORC1 pathway plays in shaping the global translatome remain unclear.

In this study, we report HCMV rapidly stimulates large-scale mRNA translation in
quiescently infected monocytes that were sustained for at least 3 days, a time at
which monocytes must make a cell fate decision to undergo cell death or survive and
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differentiate into macrophages. The viral entry process was sufficient to stimulate cellular
protein synthesis as UV-inactivated HCMV phenocopied “live” virus. Importantly, the
majority of protein synthesis induced during HCMV infection was dependent on mTOR
signaling, while growth factor-induced protein synthesis was independent, demonstrat-
ing the vital role of mTOR in maintaining cellular translation within quiescently infected
monocytes. Polyribosomal profiling identified several prosurvival factors to be specifi-
cally translated in HCMV-infected, but not myeloid growth factor-treated, monocytes. We
confirmed the elevated expression of sirtuin 1 (SIRT1), an NAD+-dependent deacetylase
that promotes Akt activity, within infected monocytes. Importantly, SIRT1 was found
to promote a feed forward loop to sustain AKT/mTORC1 signaling and the long-term
expression of antiapoptotic factors. Our study suggests that HCMV entry triggers
profound changes to the translatome dependent on mTORC1 in order to allow for the
robust synthesis of prosurvival factors necessary for the differentiation of HCMV-infected
monocytes into long-lived replication permissive macrophages.

RESULTS
HCMYV stimulates mRNA translation within quiescently infected monocytes

During lytic replication, HCMV stimulates protein synthesis through a multitude of viral
gene products, including TRS1, IRS1, and pUL38 (45, 46, 48-51). Accordingly, HCMV-infec-
ted fibroblasts pulsed with puromycin, which is incorporated into the elongating peptide
chains (SUnSET labeling) (52, 53), exhibited a global increase in protein levels at 48 h post
infection (hpi) that was abrogated by the presence of cycloheximide (CHX; a translation
inhibitor) (Fig. 1A and B). These results are consistent with several groups demonstrat-
ing that HCMV infection stimulates protein synthesis during lytic infection (49, 51,
54-56). Elevated levels of translation were maintained through 72 hpi. UV-inactivated
HCMV (UV-HCMV) had no effect on protein expression levels over the 72-h infection
period, consistent with other studies showing the involvement of viral gene products in
stimulating mRNA translation during a lytic infection (48, 49). We have previously shown
that HCMV lytic transcripts are not expressed during the infection of monocytes (24, 57)
and now confirm the absence of protein expression (Fig. 2A). To circumvent the lack of
lytic prosurvival proteins, HCMV induces the translation of select cellular antiapoptotic
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FIG 1 HCMV stimulates mRNA translation in fibroblasts dependent on de novo synthesized viral gene products. (A and B) Confluent human embryonic
lung 299 fibroblasts were mock, HCMV, or UV-HCMV infected for 24, 48, or 72 h. Cycloheximide (10 pg/mL) was added to the culture media of appropriate
treatment groups at 16 hpi prior to SUnSET peptide labeling. Densitometry was performed to determine total protein levels, which were normalized to actin.

(B) Quantification was from three to five biological replicates from independent blood donors. **, P < 0.005; ***, P < 0.0005.
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FIG 2 HCMV stimulates mRNA translation in infected monocytes independent of de novo synthesized viral gene products. (A) Fibroblasts or peripheral blood

monocytes were mock or HCMV infected for 24 or 72 h. Expression lytic viral gene products, including IE (IE2), E (UL44), and L (gL), were determined by

immunoblotting. Membranes were probed for actin as a loading control. Data are representative of three biological replicates. Monocyte data are representative
of three independent blood donors. (B and C) Peripheral blood monocytes were mock, HCMV, or UV-HCMYV infected for 24, 48, or 72 h. Cycloheximide (10 pg/mL)
was added to the culture media of appropriate treatment groups at 16 hpi prior to SUnSET peptide labeling. Densitometry was performed to determine total

protein levels, which were normalized to actin. (C) Quantification was from three to five biological replicates from independent blood donors. ***, P < 0.0005;

***¥ P < 0.00005.

mRNAs within quiescently infected monocytes (24). Yet, little is known about how HCMV
governs global protein synthesis during silent infections, given the absence of lytic viral
gene products. To begin to address the effects of HCMV on mRNA translation during
a quiescent infection, we performed SUNnSET labeling on primary peripheral blood
monocytes infected over a 72-h time course. Similar to fibroblasts, HCMV promoted
large-scale protein synthesis within quiescently infected monocytes (Fig. 2B and Q). In
contrast to fibroblasts, infection of monocytes with UV-HCMV led to a similar increase
in protein synthesis across the 72-h time course as infection with replication competent
HCMV, suggesting that mRNA translation is driven by the viral entry process and is
maintained independently of de novo synthesized viral gene products. Taken together,
these data indicate that signaling induced during HCMV entry into monocytes stimulates
and maintains increased rates of mRNA translation despite the absence of de novo
synthesized lytic proteins.

HCMYV utilizes mTORC1 to drive protein synthesis

HCMV infection stimulates mTOR to drive the translation of select prosurvival factors to
promote the survival of infected monocytes (24, 47). Accordingly, HCMV and myeloid
growth factors were able to phosphorylate mTOR at $2448, a marker of mTORCI
activation (58-60) (Fig. 3A). Activated mTORC1 phosphorylates 4E-BP1, which promotes
assembly of the elF4F complex at the 5" end of mRNA to initiate translation (61, 62).
A substantial shift from hypo- to hyper-phosphorylated 4E-BP1 occurred following
infection with HCMV (Fig. 3A). Surprisingly, the shift from hypo- to hyper-phosphorylated
4E-BP1 following treatment with GMCSF or MCSF was significantly attenuated relative to
HCMYV infection despite a similar induction of mTOR phosphorylation, suggesting either
mTORC1 signaling to 4E-BP1/elF4F is interrupted in growth factor-treated monocytes or
hyper-phosphorylated 4E-BP1 is rapidly degraded. mTORC1 also promotes translation by
phosphorylation of S6K (63, 64). Activated S6K mediates an inhibitory phosphorylation of
eEF2K, which results in the dephosphorylation and activation of eEF2, a critical factor for
translation elongation (65). We found HCMV-activated mTORC1 phosphorylated eEF2K
leading to the subsequent reduction in eEF2 phosphorylation. Consistent with a defect
in mTORC1 signaling following growth factor treatment, GMCSF and MCSF had minimal
effect on the levels of phosphorylated eEF2K and eEF2. These results argue HCMV
infection stimulates protein synthesis by activating mTORC1 to promote translation
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FIG 3 HCMV utilizes mTORC1-mediated signaling to promote protein synthesis. (A, B, C) Peripheral blood monocytes were mock infected, HCMV infected,
GMCSF treated, or MCSF treated for 24 h. (A) Expression levels of p-mTOR, mTOR, p-eEF2K, eEF2K, p-eEF2, eEF2, and 4E-BP1 were determined by immunoblotting.
Membranes were probed for actin as a loading control. Data are representative of three independent blood donors. (B and C) CHX (10 pg/mL) or rapamycin
(10 uM) was added to the culture media at 16 h post treatment. At 24 h post treatment, cells were subjected to SUnSET peptide labeling. (C) Densitometry was
performed to determine total protein levels, which were normalized to actin. Quantification was from three independent blood donors. ns, not significant; *, P <
0.05.

initiation and elongation. Indeed, the presence of rapamycin (an mTORC1 selective
inhibitor) abrogated the ability of HCMV to stimulate protein synthesis (Fig. 3B and
Q). Importantly, the inhibition of mTORC1 had little effect on growth factor-stimulated
mRNA translation, indicating myeloid growth factors drive mRNA translation independ-
ent of mTORC1 activation. These data provide evidence that HCMV-activated mTOR
rapidly reshapes the translation landscape within infected monocytes.

HCMYV infection generates a distinct translatome during the establishment of
a quiescent infection

We have previously identified individual prosurvival transcripts tightly associated
with polyribosomes during HCMV infection of monocytes (24). Given the extensive
mTOR-mediated translational reprogramming following HCMV infection, polyribosomal
profiling was performed on monocytes isolated from a single blood donor as an initial
screen to globally identify mRNAs with actively bound ribosomes during HCMV infection.
Although combining RNA-seq data sets from at least two replicates is typically needed
to identify reproducible changes in response to a specific treatment, primary blood
monocytes inherently exhibit large donor variability as it relates to the magnitude of
change in gene expression following a particular treatment. As such, often only genes
that exhibit large changes across different donors are identified as significant, while
subtle changes, which could have profound biological impact, are lost. Alternatively,
to ensure the reproducibility of potentially biologically relevant changes identified by
our initial transcriptomic and/or translatomic screens, we will validate changes in the
expression of genes of interest using a multitude of biochemical approaches with >3
independent blood donors. Because of the limited starting material from primary
blood monocytes, cytoplasmic lysates were fractionated over a non-linear, rather than
a conventional continuous linear, sucrose gradient in order to isolate polyribosome-asso-
ciated mRNAs into a single identifiable peak (Fig. 4A) (66, 67). As expected with the
use of a discontinuous gradient, the 40S, 60S, and 80S ribosomes were not individually
resolved but instead found near the 5% and 34% sucrose interface. We also found the
area under the curve (AUC) in the polyribosome-associated fractions (=3 ribosomes) was
greater in HCMV-infected monocytes versus uninfected monocytes, which is in support
of HCMV infection stimulating mRNA translation. Accordingly, the AUC corresponding
to less efficiently translated mRNAs (<2 ribosome) was greater in uninfected cells. Since
EDTA disrupts polyribosome association with mRNAs, control treatments with EDTA were
performed to validate that the peak corresponds to polyribosomes (Fig. 4B). Next, we
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FIG 4 HCMV infection stimulates a unique translatome within quiescently infected monocytes. (A and B) Peripheral blood monocytes were mock infected,

HCMV infected, GMCSF treated, or MCSF treated for 24 h. Following treatment, cell lysates were centrifuged through a non-linear sucrose gradient. (B) Samples

were treated with or without EDTA prior to centrifugation as a control to disrupt polyribosome association with mRNAs. Non-polyribosome- and polyribosome-

associated mRNAs were visualized with continuous monitoring of the UV absorbance at OD254. RNA from whole-cell lysate or from polyribosome-associated

fractions was sequenced, and mRNAs were trimmed, aligned, and quantified using Partek genomics suite software. (C and D) Cellular genes upregulated or

downregulated in both total RNA samples (total) and polyribosome fractions (poly) unique and/or shared between GMCSF, MCSF, and HCMV were plotted as

Venn diagrams. (E and F) Cellular genes upregulated or downregulated only in total RNA samples unique and/or shared between GMCSF, MCSF, and HCMV were

plotted as Venn diagrams. (G and H) Cellular genes upregulated or downregulated only in polyribosome fractions unique and/or shared between GMCSF, MCSF,

and HCMV were plotted as Venn diagrams. () Genes which failed to align to the human genome were then aligned to a reference TB40E strain HCMV genome.

The percentage of aligned reads was then plotted for total and polyribosome-associated mRNAs. All figures were generated within GraphPad Prism, Partek flow,

or the VennDetail R package.

generated HCMV-regulated total mRNA and polyribosome-associated mRNA gene sets
using a >2.5-fold cutoff relative mock-infected monocytes (Table S1). The polyribosome-
associated mRNA gene sets represent ribosome-bound transcripts irrespective of their
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total abundance. We found 287 genes increased and 112 genes decreased >2.5-fold in
both the total and polyribosome-associated mRNA pools from HCMV-infected mono-
cytes, suggesting that the expression of these genes is regulated, at least in part, at the
transcriptional level (Fig. 4C and D). A total of 143 genes were upregulated >2.5-fold but
not associated with increased levels of ribosomes, suggesting ribosome loading onto
these transcripts was attenuated in HCMV-infected monocytes (Fig. 4E). And, 151 genes
were downregulated >2.5-fold but not associated with decreased amounts of ribosomes,
suggesting ribosome loading onto these transcripts may be enhanced to maintain
protein expression levels in infected monocytes (Fig. 4F). Also, 198 and 440 genes were
uniquely enriched or reduced, respectively, in the HCMV-infected monocyte polyribo-
some-associated mRNA fraction, indicating HCMV infection regulated the expression of
these cellular genes specifically through translation (Fig. 4G and H). Next, the presence
of viral transcripts was assessed by aligning non-human mRNAs to the genome of
HCMV. As expected, HCMV transcripts were only found in infected monocytes (Fig. 4l).
However, <0.5% of the total mRNA reads and <0.001% of the polyribosome-associated
MRNA reads aligned to the HCMV genome. The detected HCMV transcripts were a
mixture of E and L genes. However, IE transcripts were not detected, highly suggesting
that the lytic replication cycle was never initiated in infected monocytes and that present
HCMV mRNAs were likely delivered from the tegument during viral entry. Overall, these
data demonstrate HCMV stimulates extensive changes to the cellular translational profile
of infected monocytes independent of viral gene expression.

SIRT1 contributes to the survival of HCMV-infected monocytes

HCMV stimulates the survival of short-lived monocytes to promote viral dissemination
(21, 22, 24, 25, 47, 57). Thus, we generated an unbiased list of negative regulators of cell
death mRNAs exhibiting increased translation efficiency as well as positive regulators of
cell death mRNAs exhibiting decreased translation efficiency unique to HCMV-infected
monocytes (Fig. 5A and B). We identified 11 prosurvival transcripts that were highly
associated with increased ribosome loading and 14 prodeath transcripts with decreased
ribosome loading. Of particular interest was SIRT1, an NAD+-dependent deacetylase
with cytoprotective effects during times of cellular stress (68-72). SIRT1 is a known
regulator of Akt, which we have previously shown to be aberrantly activated during
HCMV infection to stimulate the survival of infected monocytes (24, 27, 35, 47, 57).

A. B.

Negative Regulation of Programmed Cell Death

Translationally Upregulated
(=2.5 Fold Increase)

HCMV Poly

TLE1, IVNS1ABP, ZPR1,
PPP1R10, DNAJA3,
CDKN1A, PPIF, IL6ST,
ICAM1, HYPK, PAFAH2,
PTRH2, HDAC3, ERC1,
DDAH2

ZNF268, BACE1, UTP11,
ENDOG, STK17A, E2F3,
SIAH1, BTG1, NSMAF,
ATM, TP53BP2, PRNP,
PRKDC, SRPK2

SMAD3, PTK2B, AGAP2,
RIPK1, BIRCS, SIRT1,
NAIP, SETX, HCK,
TRAF2, SPHK1

MCSF Poly

NTSR1, AHI1, BCL2L12,
NMNAT1, NR4A2, FLNA,
PIDD1, IER3
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Positive Regulation of Programmed Cell Death

Translationally Downregulated
(22.5 Fold Decrease)

HCMV Poly

SCIN, KATNB1, MAP3K10,
MEF2C, SPHK2, CTSD,
SIK1, TSC22D1, NTSR1

MCSF Poly

CAV1, PRKRA, WWOX,
STK17B, INHBA, NOD1,
TIGAR, SAV1, PRF1

FIG 5 Regulation of program cell death transcripts uniquely translated during HCMV infection. Unbiased lists of human genes involved in the positive or

negative regulation of programmed cell death were generated from the AmiGO2 gene ontology repository. These lists were then used to filter the polyribosomal

profiling data set from HCMV-infected, GMCSF-treated, or MCSF-treated monocytes. (A) Transcripts exhibiting increased translation involved in the negative

regulation of programmed cell death or (B) transcripts exhibiting decreased translation involved in the positive regulation of programmed cell death were

ordered into Venn diagrams. All plots were generated in GraphPad Prism or by using the VennDetail R package. Listed are transcripts uniquely regulated by each

treatment group.
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Our initial screen indicated no increase in total SIRTT mRNA levels in HCMV-infected
monocytes and a threefold induction in polyribosome-associated SIRT1 transcripts when
compared to uninfected monocytes (Table S1). In contrast, both GMCSF- and MCSF-trea-
ted monocytes had no increase in total SIRTT mRNA and similar levels of polyribosome-
associated SIRT1T mRNA relative to mock-infected cells (Table S1). We next validated total
SIRT1 transcripts were not upregulated by qPCR (Fig. 6A) and that protein expression
was increased specifically in HCMV-infected monocytes by western blot (Fig. 6B and
C). To determine if SIRT1 is necessary for the survival of HCMV-infected monocytes,
infected cells were treated with a SIRT1 selective small-molecule inhibitor, EX527 (73).
Flow cytometric analysis following annexin V and propidium iodide (PI) staining showed
SIRT1 inhibition reduced the viability of HCMV-infected monocytes in a dose-dependent
manner at concentrations consistent with other studies (73-78) while having minimal
effect on the viability of uninfected and growth factor-treated monocytes (Fig. 6D). To
confirm that the effects of EX527 were not due to off-target effects, siRNA knockdown
of SIRT1 was performed, which reduced protein expression by ~90% in HCMV-infected
monocytes (Fig. 6E). Indeed, SIRT1 knockdown led to significant cell death of HCMV-
infected monocytes (~18%) but not uninfected cells (Fig. 6F). While an ~18% reduction
in live cells may appear modest, monocytes are highly sensitive to electroporation,
and thus the full effect of SIRT1 depletion on cell viability is likely masked by the cell
death induced by transfection of siRNAs. Nonetheless, both pharmacological and genetic
approaches indicate HCMV selectively promotes the translation of SIRT1 in order to drive
the long-term survival of infected monocytes.
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FIG 6 SIRT1 promotes the survival of HCMV-infected monocytes. (A, B, C) Peripheral blood monocytes were mock infected, HCMV infected, GMCSF treated,
or MCSF treated for 24 h. (A) SIRTT mRNA transcript abundance was determined by gRT-PCR. (B and C) Total SIRT1 protein expression was determined
by immunoblotting. Membranes were probed for actin as a loading control. (C) Densitometry was performed to quantify SIRT1 levels. (D) Monocytes were

pretreated with increasing concentrations of EX527 or vehicle control for 30 min. Cells were then mock infected, HCMV infected, GMCSF treated, or MCSF

treated for 24 h. Cell viability was determined by annexin V and PI staining followed by flow cytometric analysis. (E and F) Monocytes were transfected with a
SIRT1-specific siRNA (250 nM) or a control siRNA and incubated for 24 h. Cells were then infected with HCMV for an additional 24 h. (E) Total SIRT1 and actin
expression levels were determined by immunoblotting. (F) Cells were stained with annexin V and Pl to assess cellular viability by flow cytometry. All blots and

data are representative of at least three independent blood donors. ns, not significant; *, P < 0.05; **, P < 0.005; ****, P < 0.00005.
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SIRT1 promotes AKT/mTORC1 signaling to drive translation of prosurvival

factors within HCMV-infected monocytes

SIRT1 directly deacetylates Akt to allow binding to phosphoinositol lipids and the
subsequent Akt activating phosphorylation events (79, 80). Since HCMV modifies Akt
activity to promote the upregulation of prosurvival factors necessary for the survival
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FIG7 SIRT1 promotes the translation of prosurvival factors within HCMV-infected monocytes through the AKT/mTORC1 signaling pathway. (A and B) Peripheral
blood monocytes were mock or HCMV infected in the presence or absence of a sub-cytotoxic concentration of EX527 (10 uM). (C and D) Monocytes were
transfected with a SIRT1-specific siRNA or a control siRNA and incubated for 24 h. Cells were then infected with HCMV. At 24 hpi, p-Akt, Akt, p-mTOR, mTOR,
p-S6K, S6K, 4EBP1, Mcl-1, HSP27, and SIRT1 levels were assessed by immunoblot. Membranes were probed for actin as a loading control. Densitometry was
performed to determine the ratio of phosphorylated to total protein levels for Akt, mTOR, S6K, and 4EBP1. Note the total levels of 4EBP1 were determined
by combining hyper- and hypo-phosphorylated levels. (E) Monocytes were mock or HCMV infected in the presence or absence of rapamycin (10 uM). SIRT1
levels were determined by immunoblot. (F) Monocytes were mock or HCMV infected for 24 h, and cytosolic and nuclear extracts collected. SIRT1 levels were
determined by immunoblot. GAPDH and HDAC1 expression served cytosolic and nuclear loading controls, respectively. (G and H) Monocytes were pretreated
at increasing sub-cytotoxic concentrations of EX527 (10-40 uM) for 1 h prior to HCMV infection for 24 h. Cells were subjected to SUnSET peptide labeling.
Densitometry was performed to measure total protein levels. All blots and data are representative of at least three independent blood donors. ¥, P < 0.05; ****, P

< 0.00005.
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of infected monocytes (24-27, 40, 47), we examined the role of SIRT1 in regulating
HCMV-induced Akt activity. We found HCMV increased the levels of p-Akt (5473),
p-mTOR (52448), p-S6K (T389), and p-4E-BP1(T37/46) at 24 hpi, which corresponded with
increases in total protein levels. Importantly, the presence of a sub-cytotoxic concentra-
tion of EX527 (10 uM) reduced the levels of phosphorylated Akt, mTOR, S6K, and 4E-BP1
without affecting total protein expression resulting in reduced phosphorylated to total
protein ratios (Fig. 7A), indicating SIRT1 plays a critical role in maintaining HCMV-induced
Akt/mTORC1 signaling. Accordingly, SIRT1 inhibition limited the Akt-dependent increase
of Mcl-1 and HSP27 in HCMV-infected monocytes (Fig. 7B). SiIRNA knockdown of SIRT1
also reduced the ratio of p-AKT (S473), p-mTOR (52448), and p-S6K (T389) to total
protein levels (Fig. 7C) as well as Mcl-1 and HSP27 levels (Fig. 7D) in infected monocytes,
validating SIRT1’s role in regulating the AKT/mTORC1 signaling axis. Additionally, the
expression of SIRT1 was dependent on mTOR as treatment with rapamycin ablated SIRT1
protein expression in HCMV-infected monocytes (Fig. 7E). As a histone deacetylase, SIRT1
is primarily localized to the cell nucleus under homeostatic conditions (81). However,
SIRT1 has been documented to be rapidly shuttled to the cytoplasm in cancer models
in a PI3K-dependent manner (82). We found SIRT1 was expressed in the cytoplasm
of HCMV-infected monocytes and that uninfected monocytes do not express nuclear
SIRT1 (Fig. 7F), suggesting that increased protein synthesis during HCMV infection is
responsible for the cytoplasmic expression of SIRT1. Thus, SIRT1 cytosolic localization in
HCMV-infected monocytes provides a unique regulatory mechanism for the regulation
of the Akt/mTORC1 signaling axis. These data further suggest that SIRT1 may play a
critical role in further stimulating mRNA translation during HCMV infection. Indeed,
SUNSET labeling in the presence of sub-cytotoxic concentrations of EX527 demonstrated
a dose-dependent decrease in the rate of protein synthesis in monocytes following
HCMV infection (Fig. 7G and H). Based on these data, we propose a positive feedback
mechanism whereby HCMV infection stimulates PI3K/Akt/mTORC1 signaling pathway to
increase SIRT1 expression, which then further potentiates Akt and mTORC1 activity to
enhanced translation of antiapoptotic factors necessary for the viability of HCMV-infec-
ted monocytes.

DISCUSSION

Peripheral blood monocytes are essential to HCMV's lifecycle as these blood sentinels are
involved in the systemic dissemination of the virus; a prerequisite for the establishment
of latency within the bone marrow (16, 83-85). However, monocytes are inherently
short-lived cells with a lifespan of ~48 h and are not fully permissive for HCMV repli-
cation (14, 17, 86). To overcome these obstacles, HCMV rapidly reshapes the cellular
signalsome during viral entry to promote the functional changes necessary for the
survival and differentiation of infected monocytes into long-lived replication permissive
macrophages (20-22, 24-27, 47, 57, 87). We demonstrate a major outcome of the
HCMV-specific signalsome is the large-scale induction of mRNA translation. Polyriboso-
mal profiling of the translatome revealed increases in the translation of mRNAs with
potentially proviral effects, including transcripts linked with the negative regulation
of cell death. We identified several ribosome-associated transcripts that were eleva-
ted during HCMV infection but not during normal myeloid growth factor treatment.
Specifically, we determined the increased synthesis of SIRT1 functions as a positive
feedback loop to sustain elevated Akt/mTORC1 signaling and the subsequent translation
of prosurvival factors required for the survival of infected monocytes (Fig. 8). This study
establishes the critical importance of inducing cellular mRNA translation in the absence
of early de novo synthesized viral gene products to allow for the survival and differentia-
tion of quiescently infected monocytes.

Many viruses have evolved to limit protein synthesis as a means to avoid immune
detection by preventing the synthesis of host antiviral factors (54, 55, 88-90). In contrast,
HCMV increases protein synthesis during lytic infection to facilitate viral replication
through several viral gene products, including TRS1, IRS1, and pUL38 (45, 46, 48-51,
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HCMV entry into monocytes, glycoproteins gB and gH bind with EGFR and integrin 31, respectively, which leads to the
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and subsequent cytosolic protein expression in HCMV-infected monocytes sustain AKT signaling following HCMV entry by
mediating a positive feedback loop.
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54, 55). In this study, we confirm the involvement of viral proteins in stimulating global
translation in lytically infected fibroblasts as “live” HCMV, but not UV-inactivated virus,
induced protein synthesis (Fig. 1). Furthermore, there was a 24-h delay in the induction
of mRNA translation consistent with the time needed for the de novo synthesis of viral
gene products. In contrast, HCMV stimulated mRNA translation in infected monocytes by
24 hpi, suggesting a mechanism of induction distinct from lytically infected cells. Indeed,
UV-HCMV infection of monocytes induced and maintained translation to equivalent
levels as HCMV infection, indicating viral binding and entry are sufficient to promote
protein synthesis. These data underscore the highly cell-specific mechanisms utilized by
HCMV to stimulate translation. In quiescently infected monocytes, the viral entry process
likely modulates cellular signaling cascades to generate a cellular state conducive for
protein synthesis. Why viral entry into fibroblasts is not sufficient to induce translation
is unclear. Fibroblasts and monocytes express a different repertoire of HCMV entry
receptors with distinct downstream cellular substrates. Thus, the unique signaling
network generated during viral entry into monocytes may be responsible for accelerat-
ing mRNA translation in quiescently infected cells.

During HCMV entry into monocytes, viral glycoproteins gB and gH bind to EGFR
and integrin B1, respectively, leading to a non-canonical Akt signaling network (20,
22, 27, 87, 91, 92). A functional outcome of HCMV-induced Akt is the activation of
mTOR (Fig. 2) (24, 47), which promotes mRNA translation through 4EBP-1 and eEF2K
(56) (64, 93). Accordingly, we found HCMV infection to stimulate 4EBP-1 and eEF2K
phosphorylation. Surprisingly, despite also inducing mTOR phosphorylation, normal
myeloid growth factors were unable to stimulate 4EBP-1 and eEF2K activity, indicating
the connection between mTOR and its downstream effectors of translation is severed. A
possible explanation in the differential ability of HCMV- versus growth factor-activated
mTOR to phosphorylate downstream targets could lie in the presence of other post-
translation modification. Several post-translational modifications are known to regulate
mTOR activity (94-96), and perhaps, HCMV-activated Akt has distinct effects on these
modifications. Alternatively, HCMV infection could differentially activate other kinases
required for the full activation of mTOR and/or its downstream targets. Regardless, HCMV
infection globally stimulates mRNA translation through the Akt/mTORC1 signaling axis,
while growth factors drive protein synthesis through an alternative mechanism (Fig. 3).
These data also indicate that HCMV infection generates a highly unique translatome
within infected monocytes presumably to support the establishment of a quiescent
infection.

Since the survival of short-lived monocytes is essential for the establishment of
a quiescent infection, we further explored negative regulators of programmed cell
death and identified 11 transcripts that were uniquely translated within HCMV-infected
monocytes. SIRTT was of particular interest as it has long been implicated in promot-
ing cell viability during cellular stress and has been reported to deacetylate Akt to
allow binding to phosphatidylinositol phosphate lipids at the plasma membrane and
subsequent activation (69, 70, 72, 79, 80). Indeed, HCMV increases the expression of
cytoplasmic SIRT1 to promote the Akt-dependent antiapoptotic state within infected
monocytes (Fig. 6 and 7). Interestingly, despite SIRT1 primarily being found in the
nucleus of other cell types (81), inactivated peripheral blood monocytes do not appear
to express basal levels of nuclear SIRT1, suggesting that cytoplasmic expression of SIRT1
is due to the increased synthesis of SIRT1 and not from an increase in shuttling of SIRT1
from the nucleus. These data demonstrate that, after the initial gB/EGFR-mediated burst
of Akt activation, HCMV stimulates the translation of SIRT1 to sustain Akt activity through
critical viability checkpoints along the myeloid differentiation process.

To the best of our knowledge, this is the first study to define the global reshaping
of the cellular translatome during the establishment of a quiescent infection within
monocytes. The rapid induction of translation during HCMV entry into monocytes is
further enhanced by a feed-forward mechanism between Akt, mTORC1, and SIRT1 to
generate a translational landscape that supports the survival and/or differentiation of
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quiescently infected monocytes. Current HCMV antivirals are limited to blocking various
steps of the lytic replication cycle and thus ineffective against quiescently infected
monocytes (97-103). Defining the unique mechanisms utilized by HCMV to ensure the
survival of infected monocytes offers insight into new therapeutic targets that could
eliminate quiescently infected cells and subsequently limit systemic spread of HCMV
within high-risk patients.

MATERIALS AND METHODS
Human peripheral blood monocyte isolation

Isolation of peripheral blood monocytes was performed as previously described (19,
20, 23, 57, 104, 105). Briefly, blood was drawn by venipuncture from random donors,
diluted in RPMI 1640 medium (ATCC, Product # 30-2001, Manassas, VA), and centrifuged
through Histopaque-1077 (MilliporeSigma, St. Louis, MO) to remove red blood cells
and neutrophils. Mononuclear cells were collected and washed with saline to remove
platelets and then separated by centrifugation though and Percoll (GE Healthcare,
Wilkes-Barre, PA) gradient (40.48% and 47.7%). More than 90% of isolated peripheral
blood mononuclear cells were monocytes as determined by CD14-positive staining.
Cells were washed with saline and resuspended in RPMI 1640 (ATCC, Manassas, VA). All
experiments were performed in a 5% CO; incubator, unless otherwise stated. Univer-
sity Institutional Review Board and Health Insurance Portability and Accountability Act
guidelines for the use of human subjects were followed for all experimental protocols
in our study (IRB #: 262458-19). All small-molecule inhibitors, including cycloheximide,
rapamycin, and Ex527, were purchased from Selleckchem (Houston, TX).

Virus preparation and infection

Human embryonic lung (HEL) 299 fibroblasts (CCL-137, ATCC, Manassas, VA) of low
passage (P7-15) were subcultured in Dulbecco’s Modified Eagle medium (DMEM) (Lonza,
Morristown, NJ) with 2.5 pg/mL plasmocin (Invivogen, San Diego, CA) and 10% fetal
bovine serum (FBS) (MilliporeSigma). When culture reached 100% confluency, cells were
infected with HCMV in DMEM + 4% FBS. Virus was purified from supernatant on a
20% sorbitol cushion to remove cellular contaminants and resuspended in RPMI 1640
medium. A multiplicity of infection (MOI) of 1 was used for experiments with fibroblasts.
An MOI of 5 was used for experiment with monocytes (20, 21). Mock infection was
performed by adding an equivalent volume of RPMI 1640 medium to monocytes, while
GMCSF or MCSF treatment was performed by adding an equivalent volume of RPMI
1640 medium with recombinant human GMCSF or MCSF at 100 ng/mL (R&D Systems,
Minneapolis, MI). UV-inactivated virus was prepared by incubating virus under a 30-W
germicidal (UVC wavelength of 254 nm) ultraviolet lamp (G30 T8, GE Lighting, East
Cleveland, OH) for 20 min on ice and was used in the same manner as “live” virus. The
UV-inactivated virus did not replicate or produce any detectable levels of immediate
early (IE) gene products.

Preparation of cytosolic and nuclear extracts

Cytoplasmic and nuclear extracts were isolated from 3 x 10° peripheral blood monocytes
as previously described with minor modifications (106, 107). Briefly, live blood mono-
cytes were loaded on top of an iso-osmolar discontinuous iodixanol (MilliporeSigma)-
based gradient. During centrifugation at 1,000 x g for 10 min in a swinging bucket rotor,
monocytes travel through a preliminary cell wash layer prior to encountering a mild cell
lysis layer (0.5% IPEGAL CA-630) (MilliporeSigma), which disrupts the plasma membrane
while leaving nuclei intact. Undamaged nuclei then pass through a subsequent wash
layer prior to encountering a hyper-dense float layer. Soluble cytoplasmic fractions were
isolated from the cell lysis layer, and crude nuclei were harvested from the interface
between the second wash and float layer.
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Western blotting analysis

Monocytes were harvested in modified radioimmunoprecipitation assay buffer [50 mM
Tris-HCl (pH 7.5), 5 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.1% SDS, and 10%
glycerol] supplemented with protease inhibitor cocktail (MilliporeSigma) and phospha-
tase inhibitor cocktails 2 and 3 (MilliporeSigma) for 30 min on ice. The lysates were
cleared from the cell debris by centrifugation at 4°C (5 min, 21,000 x g) and stored at
—20°C until further analysis. Protein samples were solubilized in Laemmli SDS sam-
ple non-reducing (6x) buffer (Boston Bioproducts, Boston, MA) supplemented with
B-mercaptoethanol (Amresco, Solon, OH) by incubation at 95°C for 10 min, unless
otherwise stated. Equal amounts of total protein from each sample were loaded
in each well, separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and
transferred to polyvinylidene difluoride membranes (Bio-Rad, Hercules, CA). Blots were
blocked in 5% bovine serum albumin (BSA) (Fisher Scientific, Waltham, MA) for 1 h
at room temperature (RT) and then incubated with primary antibodies overnight at
4°C. The following antibodies were purchased from the indicated companies: a-pur-
omycin (MilliporeSigma); a-p-mTOR (Santa Cruz Biotechnology, Dallas, TX); a-p-eif2a,
a-elF2a, a-mTOR, a-eEf2K, a-p-eEf2k, a-eEf2, a-p-eEf2, a-SIRT1, a-4EBP-1, a-Akt, a-p-Akt,
a-a-tubulin, a-HDAC1 (Cell Signaling Technology, Danvers, MA). Rhodamine a-f actin
antibody (Bio-Rad) was used as loading control. The blots were then incubated with
horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology)
for 30 min at RT, and chemiluminescence was detected using the Clarity Western ECL
substrate (Bio-Rad). Images were captured using the Bio-Rad ChemiDoc XRS+ Molecular
Imager (Bio-Rad), and densitometry analyses were performed using Image Lab software
(Bio-Rad).

Quantitative PCR

Total MRNAs were isolated with an RNeasy Mini Kit (Qiagen, Germantown, MD), as
per the manufacturer’s recommendation. Contaminating DNA was removed from the
samples with a Turbo DNA-free Kit (ThermoFisher, Waltham, MA). For quantitative
real-time PCR, iTaq Universal SYBR Green One-Step Kit (Bio-Rad, Hercules, CA) was used
to detect the expression of SIRTT (sense, 5- CTGGGGAAGGAGACAATGG-3’; antisense,
5’- GTCGTCGTCTTCGTCGTACA-3’), and 18s rRNA (sense, 5'-GCAATTATTCCCCATGAACG-3;
antisense, 5-GGGACTTAATCAACGCAAGC-3’) with a CFX Connect Real Time PCR System
(Bio-Rad, Hercules, CA).

SUNSET assay peptide labeling

In vitro SUNSET assays were performed as previously described (52, 108). Briefly, 3 x
10° monocytes or 5 x 10° confluent HEL299 fibroblasts were held in culture under
various experimental conditions. Following treatment, nascently synthesized peptides
were labeled via the addition of low dose puromycin (1 uM; MilliporeSigma) into the
culture media for 30 min prior to lysis. Cell lysates were then subject to SDS-PAGE analysis
using a puromycin-specific antibody. Total lane density was assessed with Bio-Rad’s
Image Lab software to measure total protein levels.

Analysis of polysome-associated RNAs

Monocytes (10 x 107 cells) were treated with 0.1 mg/mL CHX (MilliporeSigma) at 37°C
for 10 min prior to harvest. Cells were then washed with PBS containing CHX at 4°C and
pelleted by centrifugation. Pellets were resuspended in polysome lysis buffer [20 mM
Tris-HCl (pH 7.4), 140 mM KClI, 5 mM MgCl,, Triton X-100, 10 mM dithiothreitol, and
0.1 mg/mL CHX] and passed through a 27-gauge needle five times. Residual insoluble
debris and mitochondria were pelleted by centrifugation for 10 min at 15,000 X g in
a microcentrifuge. The clarified lysate was layered onto a non-linear sucrose gradient
as previously described (67). Briefly, the non-linear sucrose gradient comprised three
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increasingly dense concentrations of sucrose (5%/34%/55%). Because polyribosome-
bound RNA cannot enter the hyper-dense 55% sucrose, all polyribosome-associated RNA
can be collected into one fraction. Fractions containing ribosomal subunits, monosomes,
and polysomes were determined by continuous monitoring of the absorbance at an
optical density of 254 nm (OD254) during gradient fractionation using a Brandel gradient
fractionator system (Brandel, Gaithersburg, MD) coupled to a type 11 spectrophotometer
optical unit (Teledyne ISCO, Lincoln, NE). Total RNA was extracted from an equal volume
of each gradient fraction using TRIzol (Thermo Fisher Scientific, Waltham, MA), and
contaminating DNA was removed with DNase (Thermo Fisher Scientific).

RNA-Seq analysis

RNAs were isolated out of TRIzol prior to library prep. RNA sequencing library preparation
was performed according to the lllumina Dual-Stranded mRNA Preparation Kit. Library
quality and quality control metrics were assessed and confirmed to adhere to Illumi-
na’s standards using a bioanalyzer (Agilent Technologies, Santa Clara, CA). Completed
RNA-Seq libraries were then sequenced using the NextSeq system with a 400-million
read sequencing chip (lllumina, San Diego, CA). Sequence bases were then trimmed,
aligned, and quantified to the hg38 human reference genome using the Partek Flow
Analysis Suite (Partek, Chesterfield, MO). Following quantile normalization, differential
gene expression analysis was conducted using Partek’s GSA (gene-specific analysis)
computational algorithm. All graphs and figures were generated using Partek flow or
various R-coding packages. The raw and processed data have been deposited in NCBI
GEO (accession number: GSE248927).

Flow cytometry

Monocytes were washed in PBS and incubated in blocking solution consisting of
fluorescence-activated cell sorting buffer (145 mM NacCl, 8.45 mM Naj;HPOy, 1.83 mM
NaH,POy4, and 0.1% NaN3), 5% BSA, and human FcR-binding inhibitor (eBioscience, San
Diego, CA) for 20 min on ice. After blocking, cells were stained with an allophycocya-
nin (APC)-anti-CD14 or APC-anti-mouse IgG1 isotype control antibody (BioLegend, San
Diego, CA) on ice and then washed and stained with fluorescein isothiocyanate-annexin
V and Pl (Thermo Fisher Scientific) to detect dead and dying cells. Cells were then
analyzed by flow cytometry using an LSRFortessa cell analyzer and BD FlowJo software
(BD Biosciences, Franklin Lakes, NJ). Double-negative cells represent live cells, whereas
double- and single-positive cells represent dead and/or dying cells.

Transient transfection and RNA silencing

Monocytes (2-3 x 10%transfection) were resuspended in 100 pL of RT nucleofection
solution (Amaxa P3 primary cell solution; Amaxa Biosystems, Cologne, Germany)
containing 250 nM Silencer Select SIRT1 targeting siRNA (Thermo Fisher Scientific) or
250 nM Silencer Select scramble control siRNA (Thermo Fisher Scientific). Cells were
than transfected with a 4D-Nucleofector system using pulse code EI-100. Following
transfection, cells were incubated in RPMI 1640 (Cellgro) supplemented with 1% human
AB serum in RPMI at 37°C (Lonza) for 24 h. Monocytes were then mock- or HCMV infected
for 24 h and subjected to immunoblot or flow cytometry analysis.

Statistical analyses

All experiments were performed with a minimum of three biological replicates using
primary monocytes isolated from different blood donors. Data were analyzed with
GraphPad Prism (San Diego, CA) software using the Student’s t test or one-way ANOVA
with multiple comparisons when appropriate. P-values less than 0.05 were considered
statistically significant.
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