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ARTICLE INFO ABSTRACT

Keywords: Peripheral blood monocytes are the cells predominantly responsible for systemic dissemination of human
Cytomegalovirus cytomegalovirus (HCMV) and a significant cause of morbidity and mortality in immunocompromised patients.
Apopt03154 HCMV establishes a silent/quiescent infection in monocytes, which is defined by the lack of viral replication and
Necroptosis o lytic gene expression. The absence of replication shields the virus within infected monocytes from the current
Small-molecule inhibitor . .. . . - .

Sirtuin 2 available antiviral drugs that are designed to suppress active replication. Our previous work has shown that
Monocyte HCMV stimulates a noncanonical phosphorylation of Akt and the subsequent upregulation of a distinct subset of

prosurvival proteins in normally short-lived monocytes. In this study, we found that SIRT2 activity is required for
the unique activation profile of Akt induced within HCMV-infected monocytes. Importantly, both therapeutic
and prophylactic treatment with a novel SIRT2 inhibitor, FLS-379, promoted death of infected monocytes via
both the apoptotic and necroptotic cell death pathways. Mechanistically, SIRT2 inhibition reduced expression of
Mcl-1, an Akt-dependent antiapoptotic Bcl-2 family member, and enhanced activation of MLKL, the executioner
kinase of necroptosis. We have previously reported HCMV to block necroptosis by stimulating cellular auto-
phagy. Here, we additionally demonstrate that inhibition of SIRT2 suppressed Akt-dependent HCMV-induced
autophagy leading to necroptosis of infected monocytes. Overall, our data show that SIRT2 inhibition can
simultaneously promote death of quiescently infected monocytes by two distinct death pathways, apoptosis and
necroptosis, which may be vital for limiting viral dissemination to peripheral organs in immunosuppressed
patients.

1. Introduction

Human cytomegalovirus (HCMV) is a member of the Herpesviridae
family of viruses with seropositivity rates ranging from 40 to 100% in
adults worldwide (Cannon et al., 2010; Zuhair et al., 2019). HCMV
infection is typically asymptomatic in immunocompetent individuals
but can cause mononucleosis-like symptoms (Fiala et al., 1977). HCMV
is also linked to various inflammatory conditions, such as atheroscle-
rosis, and certain cancers, including breast cancer and glioblastomas
(Cobbs et al., 2002; Geisler et al., 2019; Nikitskaya et al., 2016; Rahman
et al., 2019). However, HCMV is a significant cause of morbidity and

mortality in immunocompromised patients (Emery, 2001). Due to the
immunosuppression necessary to prevent organ rejection, patients
receiving bone marrow or solid organ transplants are among the most
vulnerable to severe HCMV disease. HCMV is the most common viral
opportunistic infection following hematopoietic stem cell and solid
organ transplants, with disease incidence reaching 50-75% of lung
transplant and 50% of kidney transplant recipients (Azevedo et al.,
2015; Patel and Paya, 1997). In these vulnerable patient populations,
HCMV can spread to and trigger inflammation in a multitude of organ
systems, including the lungs, brain, esophagus, intestines, and eyes,
potentially leading to multi-organ failure, organ rejection, or even death
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(Azevedo et al., 2015). Preventing systemic dissemination of the virus is
an integral component to relieving the disease burden caused by HCMV.

During acute HCMV infection, monocytes are key cells that mediate
systemic dissemination (Chan et al., 2012a; Manez et al., 1996; Smith
et al.,, 2004a; Taylor-Wiedeman et al., 1994). HCMV establishes a
quiescent infection in monocytes, during which no viral lytic genes are
expressed and productive viral replication is stalled (Hargett and Shenk,
2010; Krishna et al., 2017; Rossetto et al., 2013; Sinclair and Sissons,
1996; Smith et al., 2021; Wagenknecht et al., 2015). Subsequently, the
virus uses monocytes as “Trojan horses” to disseminate throughout the
body while evading the immune system (Elder et al., 2019). Upon
extravasation into tissues, infected monocytes differentiate into
long-lived, replication-permissive macrophages allowing for infection of
organs (Chan et al., 2008a, 2012a, 2012b; Cojohari et al., 2020; Min
et al., 2020; Smith et al., 2004a; Soderberg-Naucler et al., 2001). This
viral dissemination strategy limits the effectiveness of current HCMV
antivirals. At present, the limited repertoire of antiviral therapeutics
approved for HCMV—ganciclovir, valganciclovir, maribavir, cidofovir,
foscarnet, and letermovir—all exclusively block the lytic phase of
HCMV’s lifecycle and are unable to target quiescently infected mono-
cytes to prevent spread (Crumpacker, 1992; Kendle and Fan-Havard,
1998; Maertens et al., 2019; Matthews and Boehme, 1988; Patil et al.,
2010; Verghese and Schleiss, 2013). Consequently, while prophylactic
and pre-emptive use of HCMV antivirals has dramatically reduced the
incidence of early HCMV disease, rebound infection and late-onset dis-
ease remains a significant issue once antiviral therapy has been dis-
continued in organ transplant recipients (Boeckh et al., 2003; Singh,
2005). In addition, severe drug-associated toxicities from long-term use
of HCMV antivirals and the rise of drug-resistant HCMV strains have
further increased the need for novel antiviral therapies to reduce the
disease burden of HCMV (Jacobson, 1992; Kendle and Fan-Havard,
1998; Perrottet et al., 2009). One promising avenue of drug develop-
ment is the targeting of host proteins modulated by HCMV infection and
vital to the survival of infected cells.

A key biological hurdle that HCMV must overcome is extending the
normally short 48-72 h lifespan of monocytes without the support of
viral antiapoptotic proteins (Patel et al., 2017; Whitelaw, 1966).
Apoptosis is the major pathway through which surveilling monocytes
are programmed to die after entering circulation from the bone marrow
in the absence of differentiation stimuli (Mangan et al., 1993). HCMV
rapidly blocks the intrinsic biological programming of monocytes to
undergo apoptosis (Chan et al.,, 2010; Cojohari et al., 2016; Col-
lins-McMillen et al., 2018; Collins-McMillen et al., 2015; Peppenelli
etal., 2016; Peppenelli et al., 2018; Reeves et al., 2012). HCMV-induced
antiapoptotic mechanisms triggered within infected monocytes occur
through binding of viral glycoproteins to host cellular receptors (Chan
et al., 2010; Mahmud et al., 2020; Peppenelli et al., 2016; Yurochko
et al., 1992, 1997). The distinct receptor combination and subsequent
kinetics of activation following engagement of the virion to the cell
surface initiates a noncanonical PI3K/Akt signaling cascade, which leads
to the preferential phosphorylation of Akt at residue S473 (Cojohari
et al., 2016; Mahmud et al., 2020; Peppenelli et al., 2018). This unique
Akt phosphorylation signature mediates an HCMV-specific transcrip-
tional and translational profile, leading to the upregulation of a distinct
subset of antiapoptotic proteins necessary for the survival of
HCMV-infected monocytes (Cojohari et al., 2016; Mahmud et al., 2020;
Peppenelli et al., 2018). However, once apoptosis is inhibited, infected
monocytes initiate necroptosis, a “trapdoor” cell death pathway as an
antiviral countermeasure (Mocarski et al., 2015), which can be rapidly
suppressed by HCMV in monocytes (Altman et al., 2020), and in other
cell types (Fletcher-Etherington et al., 2020; Upton and Chan, 2014;
Upton et al., 2008, 2010, 2012). Akt is a known regulator of necroptosis
and in certain cases is required for its suppression (Liu et al., 2014;
McNamara et al., 2013). Together, these studies suggest that targeting
the Akt pathway could prevent HCMV from impeding both apoptosis
and necroptosis, thus destining infected monocytes for cell death.
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Sirtuins (SIRTs) are a family of seven evolutionarily conserved
NAD*-dependent deacylases and have been implicated in both apoptosis
and necroptosis (Ding and Hao, 2021; Kozako et al., 2018; Luo et al.,
2019; Song et al., 2021; Xu et al., 2019). Sirtuins are able to modulate
Akt activity by directly deacetylating the pleckstrin homology (PH)
domain of Akt, enabling its localization to the cell membrane and sub-
sequent activation (Sundaresan et al., 2011). SIRT2 is the predominantly
cytoplasmic member of the sirtuin family, which directly binds to and is
required for the full activation of Akt (Dan et al., 2012; Ramakrishnan
et al., 2014). FLS-359 is a newly described allosteric SIRT2 modulator
that inhibits the growth and spread of HCMV in cultured fibroblasts and
mouse models of infection (Roche et al., 2023). In biochemical assays,
the drug binds to SIRT2 and alters its thermal denaturation profile; it is
selective for inhibition of SIRT2 deacetylation versus Sirtl and Sirt3, the
Sirts most closely related to SIRT2; and it is substrate selective, inhib-
iting SIRT2 deacetylation but not demyristoylation. The engagement of
FLS-359 with SIRT2 was confirmed in an X-ray structure at 1.8 A reso-
lution; and its biological activity was confirmed by demonstrating that
the drug induces hyperacetylation of the SIRT2 target, o-tubulin, and
causes degradation of c-Myc, well-known consequences of SIRT2 inhi-
bition (Jing et al., 2016; Liu et al., 2013; North et al., 2003).

We show here that inhibition of SIRT2 using a novel small-molecule
inhibitor, FLS-379 (Roche et al., 2023), leads to the death of
HCMV-infected monocytes via both the apoptotic and necroptotic
pathways. The novel SIRT2 inhibitor exerted its proapoptotic effect
through the Akt pathway by blocking HCMV-induced S473 Akt phos-
phorylation and preventing the downstream upregulation of Mcl-1.
Concurrently, SIRT2 inhibition led to increased activation of MLKL,
the executioner kinase of necroptosis, following HCMV infection. Taken
together, these data support SIRT2 inhibition as a new strategy through
which HCMV-infected monocytes can be eliminated by simultaneously
counteracting virus-induced antiapoptotic and anti-necroptotic
mechanisms.

2. Materials and methods
2.1. Human peripheral blood monocyte isolation and culture

Isolation of human peripheral blood monocytes was performed as
previously described (Chan et al., 2010; Smith et al., 2004a; Yurochko
and Huang, 1999). Blood was drawn from voluntary random donors by
venipuncture, diluted in RPMI-1640 media (ATCC, Manassas, VA), and
centrifuged through Ficoll-Paque cell separation medium (Cytiva,
Uppsala, Sweden) to remove red blood cells and neutrophils. Mono-
nuclear cells were collected and washed with saline to remove the
platelets and then separated by centrifugation through a Percoll (GE
Healthcare, Wilkes-Barre, PA) gradient (40% and 48.6%). More than
95% of isolated peripheral blood mononuclear cells were monocytes, as
determined by CD14" or CD16" staining. The cells were washed with
saline, resuspended in RPMI-1640 medium, and counted. All experi-
ments were performed in 0%-0.5% human serum at 37 °C in a 5% CO3
incubator, unless otherwise stated. SUNY Upstate Medical University
Institutional Review Board and Health Insurance Portability and
Accountability Act guidelines for the use of human subjects were fol-
lowed for all experimental protocols in our study. For the inhibitor
studies, the following reagents were used: FLS-359 and FLSX-008 (SIRT2
inhibitors from Evrys Bio) (Roche et al., 2023) and UM-116 (an Mcl-1
inhibitor from the Nikolovska-Coleska lab).

2.2. Virus preparation and infection

Human embryonic lung (HEL) 299 fibroblasts (CCL-137; American
Type Culture Collection, Manassas, VA) were cultured in Dulbecco
modified Eagle medium (DMEM) (Corning, Manassas, VA) with 100 U/
mL Penicillin and 100 pg/mL Streptomycin (Life Technologies, Carls-
bad, CA), 2.5 pg/mL Plasmocin (Invivogen, San Diego, CA), and 10%
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fetal bovine serum (FBS) (Sigma). Upon reaching confluence, the fi-
broblasts were infected with HCMV (strain TB40/E) in DMEM supple-
mented with 4% FBS. Virus was purified from the supernatant on a 20%
sorbitol cushion to remove cellular contaminants and resuspended in
RPMI-1640 medium. A multiplicity of infection (MOI) of 5 was used for
each experiment, as >99% of monocytes were infected with TB40E
particles (Chan et al., 2009b). Mock infection was performed by adding
an equivalent volume of RPMI-1640 medium to monocytes.

2.3. Flow cytometry

Monocytes were washed in phosphate-buffered saline (PBS) and
stained with fluorescein isothiocyanate (FITC)-annexin V (Life Tech-
nologies) and propidium iodide (PI) stain (Life Technologies) to detect
dead and dying cells. After staining, the cells were analyzed by flow
cytometry using an LSRFortessa cell analyzer and BD FACSDiva software
(BD Biosciences, Franklin Lakes, NJ). Our gating strategy on forward
scatter (FSC)/side scatter (SSC) was set to include both cells in the early
stages of apoptosis (decreased FSC and increased SSC compared to those
for viable cells) and cells in the late stages of apoptosis (decreased FSC
and decreased SSC compared to those of viable cells).

2.4. Sulforhodamine B (SRB) cytotoxicity assay

Monocytes were plated in 96-well plates and cultured in RPMI-1640
media supplemented with 0.1% human serum. Cytotoxicity was
measured using an SRB assay (Abcam, Cambridge, UK). Briefly, the
monocytes were fixed for 1 h (h) at 4 °C, the wells were gently washed 3
times with dH,0, and the adherent cells were stained with SRB staining
solution for 15 min protected from light. The stain was removed, and the
wells were washed 4 times with washing solution. The protein-bound
dye was solubilized with solubilization solution, and the absorbance
was measured at 565 nm.

2.5. Western blot analysis

Monocytes were harvested in a modified radioimmunoprecipitation
assay (RIPA) buffer (50 mM Tris-HCI [pH 7.5], 5 mM EDTA, 100 mM
NaCl, 1% Triton X-100, 0.1% SDS, 10% glycerol) supplemented with
protease inhibitor cocktail (Sigma) and phosphatase inhibitor cocktails
2 and 3 (Sigma) for 30 min (min) on ice. The lysates were cleared from
the cell debris by centrifugation at 4 °C (5 min, 21130xg) and stored at
—20 °C until further analysis. Protein samples were solubilized in
Laemmli SDS-sample nonreducing (6x) buffer (Boston Bioproducts,
Boston, MA) supplemented with f-mercaptoethanol (Amresco, Solon,
OH) by incubating at 95 °C for 10 min. Equal amounts of total protein
from each sample were loaded in each well, separated by SDS-
polyacrylamide gel electrophoresis, 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 used: anti-Akt, anti-
phospho (p)-Akt (S473), anti-p-Akt (T308), anti-Mcl-1, anti-RIP3, anti-
p-RIP3, anti-MLKL, and anti-p-MLKL (Cell Signaling, Danvers, MA).
The blots were then incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Cell Signaling), and chem-
iluminescence was detected using the Amersham ECL Prime Western
Blotting Detection reagent (GE Healthcare).

2.6. Immunoprecipitation

Monocytes were pretreated with a Mcl-1 inhibitor or DMSO vehicle
for 1 h, and then infected with HCMV for 24 h. Monocyte lysates were
harvested in NP-40 lysis buffer (1 mM DTT, 50 mM Tris-HCl [pH 7.4], 1
mM EDTA, 150 mM NacCl, 0.5% (v/v) NP-40) supplemented with pro-
tease inhibitor cocktail (Sigma-Aldrich) and phosphatase inhibitor
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cocktails 2 and 3 (Sigma-Aldrich) for 30 min on ice. The lysates were
cleared from the cell debris by centrifugation at 4 °C (5 min, 21130xg).
Input controls were collected and stored at —20 °C until further analysis.
Lysates equivalent to 160 pg of total protein were incubated with 2 pg of
antibody recognizing Mcl-1 (Invitrogen, Waltham, MA) or IgG isotype
controls (Santa Cruz, Dallas, TX) overnight at 4 °C. Dynabeads protein G
(Invitrogen) were added to the lysates and incubated at 4 °C for 4 h. The
protein G beads with bound protein complexes were magnetically
separated and washed with lysis buffer, followed by elution of the
protein complexes. The samples were then prepared for SDS-
polyacrylamide gel electrophoresis and analyzed by Western blot
analysis.

2.7. Synthesis and characterization of UM-116

The UM-116 Mcl-1 inhibitor was synthesized through a presented
route in Supplemental Fig. S1. Detailed chemistry and characterization
are provided in the supplemental material and Supplemental Fig. S2.

2.8. Fluorescence polarization (FP) binding assay

Sensitive and quantitative FP-based binding assay was developed
and optimized to determine the binding affinity of small-molecule in-
hibitors to the recombinant Mcl-1 protein. Fluorescent labeled Bid BH3-
peptide, FAM-e-Ahx-Bid peptide (QEDIIRNIARHLAQVGDSMDR), was
used as a competitive probe. The assay buffer was 20 mM phosphate (pH
7.4), 50 mM NaCl, 1 mM EDTA, and 0.05% Pluronic F68 with a final
DMSO concentration of 4%. All experiments were performed in a final
volume of 125 pL using black 96-well plates (Corning no. 3792) and
analyzed with Synergy H1 Hybrid BioTek plate reader at excitation and
emission wavelengths of 485 nm and 530 nm, respectively, after incu-
bation for 3 h at room temperature. Dissociation constant (Kq) of the
FAM-BID was determined to be 5.99 + 1.12 nM, demonstrating stable
signal up to 24h (Fig. S3). Based on the K4 value, the concentration of the
Mcl-1 protein used in the competitive binding experiments was 20 nM
and the fluorescent probe, FAM-BID, was fixed at 2 nM. ICs( values were
determined by nonlinear regression fitting of the competition curves
(GraphPad Prism 7.0 Software) and converted into K; values as previ-
ously described (Nikolovska-Coleska et al., 2004).

2.9. Bio-layer interferometry (BLD)

To confirm and determine the direct binding of UM-116 to Mcl-1
protein, the BLI experiments were performed as per our previous
report (Kump et al., 2020) at room temperature on OctetRED96
(PALL/ForteBio) in black 96-well plates (Greiner bio-one, # 655209).
The biotinylated Mcl-1 (10 pg/ml) was immobilized and saturated on
Superstreptavidin (SSA) Biosensors (Sartorius, #18-5057) for 10 min.
Association and dissociation cycles were fixed for 10 min. The same FP
binding assay buffer (20 mM phosphate pH 7.4, 50 mM NaCl, 1 mM
EDTA, and 0.05% Pluronic F68) was used for custom, baseline, and
dissociation steps, while buffer containing serially diluted compound,
UM-116 with final DMSO concentration of 4% DMSO was used for as-
sociation. Association and dissociation cycles were fixed at 10 min each.
Kinetic data were collected and processed with the Data Analysis soft-
ware provided by ForteBio. All experiments were analyzed with refer-
encing by subtraction of the buffer sensorgrams. Plotting the response
nm values of the binding sensorgrams with the respective compound
concentration was used for steady state analysis and calculation of the
K4 value.

2.10. Immunofluorescence
Cell monolayers plated in glass-bottom plates were fixed for 15 min

in 4% paraformaldehyde (PFA) (Sigma) in PBS, and then washed three
times with PBS. Cell permeabilization and blocking of nonspecific
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binding were performed by incubating the cells with 0.1% Triton X-100,
5% BSA, and 1:10 FcR blocking reagent (Miltenyi, Bergisch Gladbach,
Germany) in PBS for 30 min at room temperature. The cells were then
incubated overnight at 4 °C in a humidified chamber with an anti-LC3
antibody (Cell Signaling). Cells were washed in PBS and then incu-
bated with an anti-rabbit secondary antibody conjugated to Alexa Fluor
488 (Cell Signaling) for 1 h, protected from light. Cells were washed in
PBS and then incubated with Hoechst 33342 nuclear stain (Thermo
Fisher) for 10 min before being analyzed on a Nikon Eclipse Ti80 epi-
fluorescence microscope (Nikon, Melville, NY). Digitized images were
resized, organized, thresholded, and labeled using ImageJ software, an
open Java-based image processing program developed at the National
Institutes of Health. Puncta per cell were counted from at least 30 unique
cells per donor per treatment. The mean puncta per cell was then
calculated.

2.11. Statistical analysis

All experiments were performed independently a minimum of 3
times using primary monocytes isolated from different blood donors.
Survival data sets obtained from primary monocytes inherently have
substantial variation due to donor variability. Consequently, data are
displayed as matched experimental data points from individual donors

A. B.
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in a side-by-side comparison. Data were analyzed using a two-way
Student’s t-test comparison or two-way ANOVA with GraphPad Prism
software (GraphPad) and expressed as the mean =+ the standard error of
the mean (SEM). P values of less than 0.05 were considered statistically
significant.

3. Results
3.1. Inhibition of SIRT2 triggers death of HCMV-infected monocytes

HCMV induces the survival of infected monocytes in the absence of
viral lytic protein expression via viral glycoprotein binding to cellular
surface receptors (Chan et al., 2010; Cojohari et al., 2016; Collins-Mc-
Millen et al., 2018; Collins-McMillen et al., 2015; Mahmud et al., 2020;
Peppenelli et al., 2016; Peppenelli et al., 2018; Stevenson et al., 2014).
This interaction triggers a noncanonical activation of the Akt signaling
pathway, stimulating a preferential phosphorylation of Akt at S473 that
is distinct from the T308/S473 phosphorylation ratio induced by normal
myeloid growth factors (Cojohari et al., 2016; Mahmud et al., 2020;
Peppenelli et al., 2018). HCMV-activated Akt leads to the upregulation
of a unique subset of cellular antiapoptotic proteins (Cojohari et al.,
2016; Mahmud et al., 2020; Peppenelli et al., 2018). SIRT2 directly
binds and deacetylates Akt allowing for the phosphorylation and

Fig. 1. Inhibition of SIRT2 promotes
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subsequent activation of Akt in several cell types, including cells of the
myeloid lineage (Dan et al., 2012; Ramakrishnan et al., 2014). We found
HCMV infection increased the expression of SIRT2 protein relative to
mock infection at 24 h post infection (hpi), suggesting SIRT2 involve-
ment in the activation of Akt within HCMV-infected monocytes (Fig. 1A
and B). To investigate the role of SIRT2 in promoting the unique Akt
activity induced by HCMV following infection of peripheral blood
monocytes, we utilized a highly selective small-molecule inhibitor of
SIRT2, FLS-359 (Roche et al., 2023). FLSX-008, another SIRT2 inhibitor,
was also utilized in these studies to reduce the possibility that the effects
of FLS-359 are due to off-target effects. We found that prophylactic
treatment with SIRT2 inhibitors attenuated the HCMV-mediated Akt
phosphorylation at S473 (Fig. 1C and D). HCMV infection did not
stimulate T308 Akt phosphorylation, consistent with our previous
findings (Cojohari et al., 2020), and the SIRT2 inhibitors had no effect
on basal levels. Given the importance of Akt activity in the enhanced
viability of HCMV-infected monocytes, we examined whether
SIRT2-mediated Akt activation was necessary for the survival of infected
cells. Monocytes were infected with HCMV immediately post-isolation
from peripheral blood, followed by treatment with FLS-359,
FLSX-008, or vehicle control at 1 dpi (day post-infection), when infec-
ted monocytes exhibit maximum viability (Chan et al., 2010; Chan et al.,
2012a; Chan et al., 2012b; Collins-McMillen et al., 2015). At 3 dpi, we
performed SRB viability assays and observed a significant increase in the
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death of HCMV-infected cells treated with the SIRT2 inhibitors and
minimal death of uninfected cells (Fig. 1E). Taken together, these data
indicate SIRT2 as a potential antiviral cellular target to selective elimi-
nate quiescently HCMV-infected monocytes.

3.2. SIRT2 inhibition triggers apoptosis and necroptosis of HCMV-infected
monocytes

In the absence of differentiation stimuli, peripheral blood monocytes
rapidly undergo apoptosis after 48-72 h in the circulation (Patel et al.,
2017; Whitelaw, 1966). When apoptosis is blocked, monocytes can
initiate necroptosis as a “trapdoor” death pathway (Altman et al., 2020;
Galluzzi et al., 2017; Ke et al., 2016; Lee et al., 2019). However, HCMV
can block both pathways to ensure the survival of infected cells, and
subsequently the systemic dissemination of the virus (Altman et al.,
2020; Chan et al., 2010; Chan et al., 2012b; Cojohari et al., 2016; Col-
lins-McMillen et al., 2018; Collins-McMillen et al., 2015; Peppenelli
et al., 2016; Peppenelli et al., 2018; Reeves et al., 2012). Thus, we asked
which death pathway were the SIRT2 inhibitors acting through to pro-
mote death of infected monocytes. Using annexin-V (AV) as a marker of
apoptosis and propidium iodide (PI) as a marker for cell death, flow
cytometry was performed to determine monocyte viability, as well as to
differentiate between apoptotic and necroptotic cells. In agreement with
our previous studies (Altman et al., 2020; Chan et al., 2010, 2012b;

A.
DMSO
A 1 |Necroptotic Late Dead
4 .5.38324
10 j !
k]
2 10%4
0] | =
L .227 5820
3 3 ‘4
-10° 0 10 10
104-
o ]
> =
S o
3 210°1
&L £ ]
3
201
g2
o
—103 0 103 104 —103 0 ) 104 —103 0 103 104
Annexin V >
B C. D.
%% ns
Kk ns * k%
T 80 20+ ns
£0 ns o A * skk Kk
o ¢ X ; ns .
60 s 2 e 60 —a— . . . o 151 e Donor 1
) 2 v . P ° u n = Donor 2
[ o o [ ] 2 = ® — 4 Donor3
2 a | 5 - 9 404 s v
i e .« T §‘ 0 ° ] 2 § 3 - 3 ] ¥ Q v Donor 4
) — ¢ n * R 0 o Q i .i T * ° + Donor5
20 20 ¢ 8 R ¢ v s o Donor 6
! ¥ ‘ o v ‘ v
0 T T T T T T 0 T T T T T T 0 T T T T T T
DMSO 359 008 DMSO 359 008 DMSO 359 008 DMSO 359 008 DMSO 359 008 DMSO 359 008
Mock HCMV Mock HCMV Mock HCMV

Fig. 2. Therapeutic treatment with SIRT2 inhibitors of HCMV-infected monocytes increases apoptosis and necroptosis. (A-D) Monocytes were mock infected
or HCMV infected for 48 h and subsequently treated with DMSO, 5 pM FLS-359, or 5 pM FLSX-008 at 24 hpi. Monocytes were stained with annexin (AV)-FITC and
propidium iodide (PI). Viability was analyzed by flow cytometry. Gates represent live (B), apoptotic (C), necroptotic (D), and late dead cell populations. (B-D)
Horizontal lines indicate the mean result of the independent experiments. Data are representative of 6 independent blood donors. **, p < 0.01; *, p < 0.05.
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Cojohari et al., 2016; Peppenelli et al., 2016, 2018), HCMV stimulated
an increase in the percentage of live cells (AV negative, PI negative),
thus also confirming infection of monocytes (Fig. 2). The inhibitors were
then tested as a therapeutic treatment administered to infected mono-
cytes at 24 hpi. Cells were treated with 5 pM of either inhibitor since this
concentration abrogated SIRT2-mediated activation of Akt in
HCMV-infected monocytes (Fig. 1C and D). Inhibition of SIRT2 shifted
cells from the live cell population to both the “apoptotic” (AV positive,
PI negative) and “necroptotic” (AV negative, PI positive) gates
(Fig. 2A-D). With treatment post-infection, there was a reduction of
~30% of live infected cells in the presence of FLS-359 and FLSX-008
relative to the vehicle-treated control, indicating SIRT2 is necessary
for the survival of HCMV-infected monocytes (Fig. 2B). Although un-
infected cells appear to have some sensitivity to death induced by SIRT2
inhibition, the decrease in viability was highly variable and not statis-
tically significant, which is likely due to uninfected monocytes already
undergoing apoptosis in the absence of infection or activation stimuli
(Fig. 2A). Consistent with the decrease in viability of infected mono-
cytes, FLS-359 and FLSX-008 induced a ~1.4-fold increase in apoptosis
and a ~2.3-fold increase in necroptosis of HCMV-infected cells (Fig. 2D).
There was no significant effect on the levels of apoptosis or necroptosis
of the mock-infected cells with SIRT2 inhibition (Fig. 2B-D). Next, we
examined the effects of prophylactic treatment of the SIRT2 inhibitors
on the viability of infected monocytes. Prophylactic SIRT2 inhibitor
treatment reduced the frequency of live infected cells by ~40% (Fig. 3A
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and B). Concomitantly, FLS-359 and FLSX-008 increased the levels of
apoptotic infected cells by ~1.5-fold and necroptotic infected cells by
~2.2-fold (Fig. 3C and D). Prophylactic treatment of mock-infected cells
with both SIRT2 inhibitors did not increase apoptosis. However, we
observed a significant (or trending towards significant) effect of SIRT2
inhibitors on the viability and necroptosis of mock-infected cells. In
contrast to therapeutic treatments, where cells were treated with drugs
at 2 dpi, prophylactically treated uninfected cells were given SIRT2 in-
hibitors immediately upon isolation from peripheral blood, suggesting
that SIRT2 may accelerate death of young monocytes exiting the bone
marrow but not aged monocytes already circulating in the blood.
Regardless, our data clearly demonstrate that SIRT2 inhibitors have
enhanced ability to induce death, via apoptosis and necroptosis, of
HCMV-infected monocytes relative to uninfected cells under both ther-
apeutic and prophylactic conditions.

To validate that both apoptotic and necroptotic pathways are being
activated in HCMV-infected monocytes treated with SIRT2 inhibitors,
we treated infected monocytes with UM-116 (an inhibitor of Mcl-1) as a
control for stimulation of only the apoptotic pathway. Mcl-1 binds and
sequesters proapoptotic members of the Bcl-2 family of proteins, pre-
venting the proapoptotic effector proteins from oligomerizing and
forming pores in the mitochondrial outer membrane (Giam et al., 2008;
Willis et al., 2007). UM-116 is a novel small-molecule inhibitor that
directly binds to Mcl-1 with a Kq value of 1.7 + 0.2 pM determined by
BLI and a ICsp value of 0.54 + 0.11 pM in competitive FP based assay
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(Fig. 4A and B). We confirmed that UM-116 inhibits Mcl-1 by compet-
itively binding and blocking protein-protein interactions with its bind-
ing partner Bak in a dose dependent manner (Fig. 4C). Treatment with
UM-116 confirmed that inhibiting Mcl-1 stimulated cell death strictly
though apoptosis without a significant increase in necroptosis (Fig. 5).
Taken together, our data indicate that SIRT2 inhibition may be a bona
fide target to stimulate death of quiescently HCMV-infected monocytes
via simultaneous activation of both the apoptotic and necroptotic
pathways.

3.3. SIRT2 regulates apoptotic and necroptotic factors within HCMV-
infected monocytes

Engagement of HCMV glycoproteins to cellular receptors modulate
the phosphorylation ratio between Akt residues S473 and T308, which is
known to regulate Akt substrate specificity (Jacinto et al., 2006; Yung
etal., 2011), to increase the expression of select prosurvival proteins and
the subsequent survival of infected monocytes (Altman et al., 2020;
Chan et al., 2010, 2012b; Cojohari et al., 2016; Peppenelli et al., 2016,
2018). Mcl-1 is a critical Akt-dependent antiapoptotic protein that is
upregulated following HCMV infection to a much greater extent than
following treatment with normal myeloid growth factors (Chan et al.,
2010; Peppenelli et al.,, 2016, 2018). Consequently, we examined
whether SIRT2 inhibitors might be exerting their proapoptotic effect on
infected monocytes by preventing the Akt-dependent upregulation of
Mcl-1. As expected, HCMV infection increased Mcl-1 expression. How-
ever, treatment with FLS-359 and FLSX-008 dramatically attenuated the
expression of Mcl-1 in HCMV-infected monocytes to levels observed in
mock-infected cells (Fig. 6A and B). This abrogation of Mcl-1 expression
indicates that SIRT2 inhibition may relieve the block on apoptosis in

infected monocytes by preventing HCMV’s Akt-dependent upregulation
of Mcl-1.

HCMV’s circumvention of apoptosis results in the inactivation of
caspase 8, which then prompts infected monocytes to initiate nec-
roptosis (Altman et al., 2020). Necroptosis is dependent on the
sequential activation of RIPK1, RIPK3, and ultimately MLKL. MLKL acts
as the final executioner kinase of the necroptosis pathway by undergoing
phosphorylation, oligomerizing, and translocating to form pores in the
plasma membrane (Cho et al., 2009). We have previously shown HCMV
to stimulate cellular autophagy to block necroptosis between RIPK3
activation and the final MLKL activation steps, ensuring survival of
infected monocytes (Altman et al., 2020). Since our data suggests SIRT2
inhibition leads to necroptosis, we examined if SIRT2 inhibition cir-
cumvents the blockage between RIPK3 and MLKL within infected
monocytes. We confirmed that HCMV infection alone induced activation
of RIPK3 relative to mock infection, indicating that infected monocytes
have initiated the early steps of necroptosis (Fig. 6C and D). However,
SIRT2 inhibition has no effect on RIPK3 activation in the context of
infection, suggesting that the pro-necroptotic effect observed with the
SIRT2 inhibitors occurs downstream of RIPK3. Indeed, treatment with
the SIRT2 inhibitors FLS-359 and FLSX-008 enhanced the phosphory-
lation of MLKL in HCMV-infected monocytes without significantly
affecting phosphorylation levels in mock-infected cells (Fig. 6E and F).
Our data here supports a role for SIRT2 during HCMV infection in the
regulation of apoptosis, via Akt-dependent expression of Mcl-1, and of
necroptosis, via regulation of MLKL activation.
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3.4. Formation of autophagosomes during HCMV infection is mediated by
Akt

Our group has previously reported that HCMV infection stimulates
the necroptotic pathway through RIPK3 phosphorylation, but concom-
itant induction of cellular autophagy, as determined by measuring
autophagic flux and autophagosome accumulation, prevents activation
of MLKL and the subsequent execution of necroptosis (Altman et al.,
2020). We observed that SIRT2 inhibition promotes MLKL activation
without affecting RIPK3 activity. Thus, we sought to determine whether
reducing autophagosome accumulation is the mechanism through
which the SIRT2 inhibitors relieve the block on necroptosis. After
treating monocytes with SIRT2 inhibitors for 1 h and then infecting with
HCMV for 2 h, we performed immunofluorescence analysis of LC3-II, a
cytoplasmic protein that is lipidated and localized to autophagosomes
during their maturation (Tanida et al., 2008). HCMV infection increased
the mean number of puncta per cell by 85% relative to mock infection.
Treatment with FLS-359 and FLSX-008 resulted in a 37.5% and 40.5%
reduction of LC3-II puncta per cell, respectively, compared to the
infected vehicle control, indicating a decrease in autophagosome accu-
mulation following SIRT2 inhibition (Fig. 7A and B). Due to the central
role that HCMV’s unique activation of Akt plays in survival and many
other cellular functions, we examined whether SIRT2’s regulatory role
in autophagosome formation could be mediated by Akt. Treatment with
MK2206, an inhibitor of Akt, reduced the average number of LC3-II
puncta per cell by 41.1%, mirroring treatment with the SIRT2 in-
hibitors (Fig. 7A and B). Our data here indicate that the unique activa-
tion of Akt by HCMV enhances cellular autophagosome accumulation
and that preventing Akt activation, via SIRT2 inhibition, could lead to
diminished autophagy resulting in necroptosis of infected monocytes.

4. Discussion

Monocytes are a key cell population responsible for hematogenous

dissemination of HCMV, despite not being permissive to viral replication
and having a short 48 h lifespan (Chan et al., 2012a; Manez et al., 1996;
Patel et al., 2017; Taylor-Wiedeman et al., 1994). HCMV has evolved
several mechanisms to prolong the survival of infected monocytes
allowing for the differentiation of infected cells into replication
permissive macrophages (Altman et al., 2020; Chan et al., 2010; Chan
et al., 2012b; Cojohari et al., 2020; Cojohari et al., 2016; Collins-Mc-
Millen et al., 2015; Peppenelli et al., 2016; Peppenelli et al., 2018; Smith
et al., 2004a). The primary route through which monocytes are pro-
grammed to die is apoptosis, which can be accelerated as part of an
intrinsic antiviral defense response against the virus (Barber, 2001;
Mangan et al., 1993). Monocytes also possess the molecular machinery
necessary to shift course to an alternative antiviral cell death response
pathway called necroptosis if apoptosis is impeded during a virus
infection (Altman et al.,, 2020; Lee et al., 2019). Through long
co-evolution with humans, HCMV appears to have developed mecha-
nisms to counteract cell death pathways during infection of monocytes
independent of de novo synthesized viral proteins. In this study, we
demonstrate that HCMV utilizes the cellular deacetylase SIRT2 to
simultaneously block both the apoptotic and necroptotic death path-
ways during quiescent infection of monocytes.

In our proposed model, SIRT2 acts as a central regulator of both
apoptosis and necroptosis through modulation of Akt activity following
HCMV infection of monocytes (Fig. 8). HCMV infection aberrantly
modifies cellular signaling pathways in a manner reminiscent of cancer,
with the PI3K/Akt pathway being a central pathway altered by the virus
(Chan et al., 2008b, 2009a, 2010; Cojohari et al., 2016; Hoxhaj and
Manning, 2020; Luo et al., 2003; Mahmud et al., 2020; Peppenelli et al.,
2018; Smith et al., 2004b, 2007). Under canonical stimulation by
normal myeloid growth factors, Akt is dually phosphorylated at residues
S473 and T308 (Alessi et al., 1996; Cojohari et al., 2020; Mahmud et al.,
2020; Peppenelli et al., 2016, 2018). In contrast, binding of HCMV
glycoproteins to cellular receptors initiates a signaling cascade in
monocytes that leads to a noncanonical Akt phosphorylation profile
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Fig. 8. Proposed model for SIRT2 regulation of apoptosis and necroptosis
in HCMV-infected monocytes. In the absence of myeloid differentiation fac-
tors, monocytes undergo programmed cell death within 48 h after entering the
peripheral circulation. Upon HCMV binding to cellular receptors, Akt is pref-
erentially phosphorylated at S473 to trigger pro-survival pathways that
circumvent apoptosis and necroptosis. The unique phosphorylation of Akt
during HCMV infection leads to the increased expression of antiapoptotic
proteins such as Mcl-1. HCMV-induced activation of Akt also enhances cellular
autophagy, which blocks phosphorylation of MLKL during necroptosis. SIRT2-
mediated deacetylation of Akt is required for HCMV’s unique activation of
Akt in monocytes. Inhibition of SIRT2 relieves the viral-induced blocks on both
the apoptotic and necroptotic death pathways by reducing expression of Mcl-1
and by reducing autophagy to allow the activation of MLKL, thus promoting
death of HCMV-infected monocytes through dual concurrent mechanisms.

wherein S473 is preferentially phosphorylated (Cojohari et al., 2020;
Mahmud et al., 2020; Peppenelli et al., 2016, 2018), which also occurs in
some cancers (Fernandes et al., 2013; Kerr, 2011; Opel et al., 2007;
Tsurutani et al., 2006). SHIP1 normally acts as a negative regulator of
Akt by opposing the action of PI3K, but in some transformed cells, SHIP1
amplifies Akt activity through the specific phosphorylation of S473
(Fernandes et al., 2013; Kerr, 2011). We have previously shown a similar
dysregulation of SHIP1 during HCMV infection of monocytes where
HCMYV upregulates SHIP1, which then acts as a positive regulator of Akt
by mediating the S473 site-specific phosphorylation (Cojohari et al.,
2016). The distinct activation profile of Akt leads to a HCMV-specific
transcriptomic landscape that includes the increased expression of a
distinct subset of antiapoptotic proteins not upregulated during growth
factor-induced signaling (Chan et al., 2008b, 2009a, 2010; Cojohari
et al., 2016; Mahmud et al., 2020; Peppenelli et al., 2016, 2018). Here,
we show HCMV-induced SIRT2 likely mediates deacetylation of Akt that
permits HCMV’s unique glycoprotein-initiated signaling to impart a
distinctive Akt activation profile.

A primary function of HCMV-activated Akt is to prevent the intrinsic
biological programming of monocytes to undergo apoptosis and the
acceleration of apoptosis due to the initiation of antiviral defenses. The
phosphorylation profile of Akt dictates its downstream substate speci-
ficity (Jacinto et al., 2006; Yung et al., 2011) and we have found that the
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preferential phosphorylation of S473 leads to the upregulation of a
unique milieu of antiapoptotic proteins, including Mcl-1, HSP27, and
XIAP (Chan et al., 2010, 2012b; Cojohari et al., 2016; Peppenelli et al.,
2016, 2018). However, upon inhibition of apoptosis via blockage of
procaspase 8 cleavage, the trapdoor cellular defensive death pathway
necroptosis is opened (Altman et al., 2020; Galluzzi et al., 2017; Ke et al.,
2016; Lee et al., 2019; Mocarski et al., 2011, 2015; Upton et al., 2008,
2010, 2012). We have shown infected monocytes initiate the early steps
of necroptosis involving the phosphorylation of RIPK3 (Altman et al.,
2020). However, HCMV rapidly blocks the progression of necroptosis
preventing the activation of the final executioner protein MLKL (Altman
et al., 2020). Inhibition of MLKL, and therefore necroptosis, is depen-
dent on the HCMV-induced stimulation of cellular autophagy (Altman
et al, 2020). Our current study now demonstrates that the
HCMV-specific activation of Akt promotes autophagosome accumula-
tion and that preventing the activation of Akt likely reduces
HCMV-induced autophagy, leading to necroptosis. Based on SIRT2
acting as a gateway allowing HCMV glycoproteins to uniquely regulate
Akt activity, our study supports the targeting of SIRT2 as a means of
eliminating quiescently HCMV-infected monocytes via apoptosis and/or
necroptosis.

Our study also identifies an unusual relationship between HCMV-
activated Akt and autophagy. Traditionally, Akt has an inhibitory role
in the regulation of cellular autophagy. Akt is directly implicated as a
negative regulator of autophagy via phosphorylation of Beclin 1, a
component of the Beclin 1-Vsp34-Vspl5 autophagy nucleation core
complex (Kang et al.,, 2011; Wang et al., 2012). Additionally, Akt is
thought to negatively regulate autophagy through activation of mTOR
(Egan etal., 2011; Heras-Sandoval et al., 2014; Kim et al., 2011; Kim and
Guan, 2015; Song et al., 2018), which we have shown to be rapidly
activated in HCMV-infected monocytes following viral entry (Altman
et al., 2019; Peppenelli et al., 2018). Yet, we found a positive relation-
ship between Akt and autophagy, as abrogating Akt activity via direct or
SIRT2-mediated inhibition attenuated autophagy. Why HCMV-activated
Akt has the opposite effect on autophagy remains unknown. Aberrant
microenvironments, such as those during cancer or viral infections, can
have profound effect on the cellular signaling network leading to atyp-
ical biological outcomes. For example, AMPK traditionally negatively
regulates mTOR activity, however HCMV infection uncouples the
AMPK-mTOR signaling axis allowing both AMPK and mTOR to be
activated simultaneously during both lytic and silent infections (Altman
et al., 2019, 2020; Kudchodkar et al., 2007; Moorman et al., 2008).
Another instance is the conversion of SHIP1 from a negative to positive
regulator of AKT during HCMV infection (Cojohari et al., 2016). How
HCMV modulates signaling and protein activities to allow Akt to pro-
mote autophagy during viral infection of monocytes is an important
avenue of future studies.

Overall, our study demonstrates the potential utility of targeting
SIRT2 as an antiviral strategy. Targeting host proteins as an antiviral
strategy offers several advantages over targeting viral proteins,
including limiting drug resistance and the potential for broad-spectrum
antiviral activity (Kumar et al., 2020; Tripathi et al., 2021). The SIRT2
inhibitor FLS-359 has been shown to possess antiviral activity against a
wide range of both DNA and RNA viruses, including members of the
herpesvirus, flavivirus, orthomyxovirus, hepadnavirus, and coronavirus
families (Roche et al., 2023). FLS-359 has been demonstrated to be
well-tolerated in animal studies with no weight loss or adverse clinical
signs (Roche et al., 2023). Unlike knockout mouse models of the other
members of the Sirtuin family, SIRT2 knockout mice are viable without
significant phenotypic abnormalities (Ciarlo et al., 2017; Finkel et al.,
2009). SIRT2 inhibition has previously been shown to inhibit growth of
HCMV during lytic infection in fibroblast cells (Mao et al., 2016; Roche
et al.,, 2023). This study demonstrates that SIRT2 inhibition does not
only inhibit HCMV lytic replication, but it also promotes death of
quiescently infected monocytes. The lack of lytic viral protein expres-
sion in quiescently infected monocytes is an obstacle that has prevented
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all the current direct-targeted antivirals from being fully effective
against HCMV. In the case of transplant recipients, although the current
HCMYV antivirals have been highly efficacious at reducing HCMV disease
in the most vulnerable first few months immediately
post-transplantation, antiviral therapies must eventually be dis-
continued due to drug toxicities, leading to later rebound HCMV reac-
tivation of virus from quiescently infected monocytes that have
extravasated into peripheral organ tissue (Singh, 2005). An ideal anti-
viral regimen would target the virus in both cells with active viral
replication and cells that are silently harboring the virus during
dissemination. Thus, the ability of a single SIRT2 inhibitor to target both
lytic and quiescent stages of the HCMV lifecycle could have major im-
plications to prognosis of high-risk transplant recipients.
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