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Human Cytomegalovirus-Induced Autophagy Prevents
Necroptosis of Infected Monocytes
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ABSTRACT Key to the viral dissemination strategy of human cytomegalovirus
(HCMV) is the induction of monocyte survival, where monocytes are normally short-
lived cells. Autophagy is a cellular process that preserves cellular homeostasis and
promotes cellular survival during times of stress. We found that HCMV rapidly in-
duced autophagy within infected monocytes. The early induction of autophagy dur-
ing HCMV infection was distinctly required for the survival of HCMV-infected mono-
cytes, as repression of autophagosome formation led to cellular death of infected
cells but had no effect on the viability of uninfected monocytes. The inhibition of
caspases was insufficient to rescue cell viability of autophagy-repressed infected
monocytes, suggesting that autophagy was not protecting cells from apoptosis. Ac-
cordingly, we found that HCMV blocked the activation of caspase 8, which was
maintained in the presence of autophagy inhibitors. Necroptosis is an alternative
form of cell death triggered when apoptosis is impeded and is dependent on RIPK3
phosphorylation of MLKL. Although we found that HCMV activated RIP3K upon in-
fection, MLKL was not activated. However, inhibition of autophagy removed the
block in RIPK3 phosphorylation of MLKL, suggesting that autophagy was protecting
infected monocytes from undergoing necroptosis. Indeed, survival of autophagy-
inhibited HCMV-infected monocytes was rescued when MLKL and RIPK3 were sup-
pressed. Taken together, these data indicate that HCMV induces autophagy to pre-
vent necroptotic cell death in order to ensure the survival of infected monocytes
and thus facilitate viral dissemination within the host.

IMPORTANCE Human cytomegalovirus (HCMV) infection is endemic throughout the

world, with a seroprevalence of 40 to 100% depending on geographic location.

HCMV infection is generally asymptomatic, but can cause severe inflammatory organ

diseases in immunocompromised individuals. The broad array of organ diseases

caused by HCMV is directly linked to the systematic spread of the virus mediated by

monocytes. Monocytes are naturally programmed to undergo apoptosis, which is

rapidly blocked by HCMV to ensure the survival and dissemination of infected

monocytes to different organ sites. In this work, we demonstrate infected mono- Citation Altman AM, Miller MJ, Mahmud J,
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90% and above (1, 2). Infection is generally self-limiting in immunocompetent individ-
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uals, but has been associated with substantial morbidity and mortality in neonates and
immunocompromised patients (3-5). In these patients, such as those with AIDS,
transplant recipients, and those undergoing chemotherapy, HCMV disease is charac-
terized by widespread viral dissemination and inflammation with severe end-organ
damage (6).

Monocytes are believed to serve as a key cog in the HCMV dissemination strategy
(7, 8). In support, monocytes are the primary carriers of the virus in transplant patients
and leukocyte depletion of blood donations sharply reduces HCMV transmission (9).
The importance of monocytes was further corroborated using an in vivo murine
cytomegalovirus (MCMV) murine model, which showed monocytes to be the predom-
inant cell type responsible for viral dissemination during an acute infection (10-12). A
recently developed humanized mouse model also found the source of HCMV in
peripheral organs was from human monocyte-derived macrophages (13). However,
circulating monocytes are naturally short-lived cells with an average life span of 48 h,
making these blood cells ill-suited to mediate HCMV spread (14, 15). Furthermore,
monocytes are not permissive for viral replication or gene expression (quiescent
infection) until differentiated into long-lived macrophages, a process that can take up
to 3 weeks in culture (8, 16, 17). To overcome the biological limitations of monocytes,
HCMV must stimulate the survival and differentiation of monocytes into macrophages.

Autophagy is a process responsible for maintaining homeostasis and conservation
of energy during times of stress through the recycling of unnecessary or dysfunctional
cellular components. Beyond its general role in controlling cellular homeostasis, au-
tophagy also regulates cellular survival pathways. A number of autophagic and apop-
totic proteins directly interact, which allows for autophagy to directly impact cell
viability (18). Particularly in times of stress, when apoptosis might otherwise become
activated due to a buildup of toxic proteins within the cytoplasm, autophagy upregu-
lation acts as a measure of last resort to stave off cellular death. This ability to ward off
death appears to play a pivotal function in driving the differentiation of monocytes,
which are preprogramed to undergo apoptosis in the absence of differentiation stimuli
(19). Inhibition of differentiation-induced autophagy blocks monocyte-to-macrophage
maturation and pushes monocytes into apoptosis, highlighting the fundamental need
of differentiating monocytes for the prosurvival activity of autophagy.

The role of autophagy during HCMV infection remains complicated. Early studies
showed that inhibition of autophagy was crucial to a productive viral infection, which
is consistent with the known antiviral activity of autophagy (20). In support, autophagy
agonists decrease virus production (21, 22). During lytic infection, HCMV encodes two
specific inhibitors in order to suppress autophagy (20, 23). However, before inhibiting
autophagosome maturation and formation, HCMV also directly stimulates autophagy
during early infection (23, 24). The upregulation of early autophagy appears to be an
important source of membrane for nascent virions, as HCMV-mediated arrest of au-
tophagosomal maturation allows for an abundant supply of membrane for progeny
virus (25). These studies suggest that whether autophagy has an anti- or proviral
function during HCMV infection appears largely to be dependent on cell type. What
role autophagy plays during a quiescent monocyte infection, where there is a delayed
onset of replication, remains unknown.

In this study, we report that HCMV infection rapidly activated AMP kinase (AMPK),
a positive regulator of autophagy, and stimulates the formation of autophagosomes in
human primary monocytes. We hypothesized that increased autophagy was contrib-
uting to the survival of infected monocytes by inhibiting apoptosis. We found that
inhibition of autophagy decreased survival of infected cells, while having minimal effect
on uninfected cells. Surprisingly, the inhibition of autophagy did not lead to apoptotic
cell death of infected monocytes. Instead, impeding autophagy resulted in cell death
via necroptosis, a caspase-independent form of cell death. HCMV infection stimulated
the upregulation of receptor-interacting protein kinase 3 (RIPK3), a key member in the
necroptotic pathway, but had no effect on the activity of the executioner kinase mixed
lineage kinase domain like pseudokinase (MLKL). However, MLKL became activated
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FIG 1 HCMV infection induces autophagy in monocytes. (A) Human peripheral blood monocytes were mock or
HCMV infected for 30 min or 1, 6, or 16 h. Levels of phosphorylated AMPK (p-AMPK), total AMPK, LC3-I, LC3-lI, or
actin were detected by immunoblotting from whole-cell lysates. Levels of p-AMPK were normalized to actin and
then total AMPK for each treatment and time point. The ratio of HCMV to mock of these values was then plotted
for each time point (right). (B) Mock- or HCMV-infected monocytes were treated with 200 nM bafilomycin A1 for
6 h and the levels of SQSTM1 and LC3 were determined by immunoblot. (C and D) Monocytes were mock or HCMV
infected for 6 h, followed by immunofluorescent analysis with anti-LC3 antibody (green) or DAPI (blue). Results are
representative of at least 3 independent experiments using monocytes from different blood donors. (D) LC3 puncta
per cell were counted using FlJI and the average puncta per cell were plotted with the mean and the 95%
confidence interval (Cl); ****, P < 0.0005.
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when autophagy was compromised, leading to death of infected monocytes that could
be rescued through the inhibition of RIPK3 or MLKL. Together, these data demonstrate
that HCMV upregulation of autophagy in primary monocytes prevents necroptosis;
therefore, the induction of autophagy is essential to the viral persistence strategy.

RESULTS

HCMV rapidly stimulates autophagy within infected monocytes. Autophagy is
activated in response to cellular insults, such as nutrient deprivation and viral infections
(26). The role of autophagy during HCMV infection is largely described during lytic
infection of fibroblasts, where autophagy exhibits antiviral activity that is rapidly
suppressed by several HCMV gene products (20-24). Here, we sought to elucidate the
role of autophagy during quiescent infection of monocytes. To test whether autophagy
is induced following HCMV infection of human primary monocytes, we first measured
levels of activated AMPK, which induces autophagy when cellular levels of ATP are low.
We found that AMPK was rapidly activated in infected monocytes at 30 min postin-
fection (mpi) and remained elevated through 16 h postinfection (hpi) compared to
uninfected cells (Fig. 1A), suggesting the rapid induction of autophagy following HCMV
infection. In support, we found LC3-ll, a cytoplasmic protein that is lipidated and
attached to autophagosomes during their maturation, was rapidly formed by 30 mpi
and was maintained through 16 hpi (Fig. 1A). Further, we found that HCMV infection
did not inhibit autophagic flux, as treatment with bafilomycin A1 increased levels of
SQSTM1, an autophagosomal cargo protein degraded by autophagy, compared to
baseline (Fig. 1B). Immunofluorescence analysis of LC3-Il demonstrated a 117% increase
in the number of puncta within HCMV-infected monocytes relative to mock-infected
cells at 6 hpi (Fig. 1C and D), confirming the increased formation of autophagosomes.
Taken together, these data indicate that HCMV rapidly stimulates AMPK activity shortly
after infection to induce autophagosome formation without inhibiting autophagic flux.

Autophagy contributes to HCMV-induced survival. Autophagy is essential to the
monocyte-to-macrophage differentiation process mediated by normal myeloid growth
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FIG 2 Spautin-1 reduces autophagosome formation in monocytes. (A) Human peripheral blood monocytes were
pretreated with Spautin-1 for 1 h and then mock or HCMV infected for 4 h, followed by immunofluorescent analysis
with anti-LC3 antibody (green) or DAPI (blue). Results are representative of at least 3 independent experiments
using monocytes from different blood donors. (B) LC3 puncta per cell were counted using FIJI and the average
puncta per cell were plotted with the median and the 95% ClI; ****, P < 0.0005; ***, P < 0.005. (C) Levels of VPS34,
a class Il PI3K complex, were determined by immunoblotting in the presence or absence of Spautin-1 at 2 h
posttreatment in monocytes.

factors (19). In addition, autophagy regulates cellular survival during periods of stress
through the recycling of cellular components and through cross talk with the apoptosis
pathway (27). Thus, we asked whether autophagy was contributing to monocyte
survival during early HCMV infection. A specific and potent inhibitor of autophagy
(Spautin-1) inhibits the deubiquinating activity of USP10 and USP13, leading to the
selective degradation of the class Ill P3K/Vps34 complex that controls autophagy
initiation (28). Immunofluorescence of LC3 puncta showed Spautin-1 reduced autopha-
gosome formation in infected monocytes to that of uninfected cells (Fig. 2A and B). We
confirmed activity of Spautin-1 against the VPS34 complex by immunoblotting (Fig. 2C).
Next, we examined if HCMV-induced autophagy was required for the survival of
infected monocytes. Indeed, infected monocytes treated with Spautin-1 showed a
24.9% reduction in “live” cells concomitant with a 9% and 13.2% increase in “early
apoptotic” and “late dead” cells, respectively (Fig. 3A). Importantly, Spautin-1 had no
significant effect on uninfected monocytes, suggesting that autophagy-mediated sur-
vival was specific to infected monocytes. Despite donor variability inherent to primary
blood monocytes, autophagy-induced survival of HCMV-infected monocytes was con-
sistent over 15 independent blood donors, with an average decrease in survival of 18%
in HCMV-infected cells and 1% in uninfected cells in the presence of the inhibitor (Fig.
3B). Although Spautin-1 is a highly selective autophagy inhibitor and shows limited
off-target effects compared to other autophagy inhibitors, we utilized a second unique
autophagy inhibitor to ensure that our results were not due to off-target effects (28, 29).
SBI-0206965 (SBI) inhibits autophagy in an independent fashion from Spautin-1 via the
suppression of ULK1 phosphorylation, a serine/threonine kinase that promotes au-
tophagy (Fig. 3C). Treatment with SBI led to an average decrease in survival of 21% in
HCMV-infected monocytes compared to a 6% decrease in survival in uninfected
controls (Fig. 3D and E). To show that this effect was unique to HCMV infection, we also
treated monocytes with myeloid growth factors MCSF or GMCSF before inhibition with
Spautin-1. We found that inhibition of autophagy significantly reduced survival in

November 2020 Volume 94 Issue 22 e01022-20

Journal of Virology

jviasm.org 4


https://jvi.asm.org

HCMV-Induced Autophagy Blocks Necroptosis Journal of Virology

A Mock Mock + Spautin-1 B FedKKk
. —
105_ Late Dead 1720/ 105 4 20.9% ;\; 40
A ] ] £ =
104 4 104 4 <35
o £
- 4 2 ..5
-9
108 | 103 J £ -
3 i >
& E E : _cccu =
2 : “Apop 3 S S g |
3 3 43.1% 32.5% g 42% 20:1% )
5 10%  10* 10° 108 104 10° 40 . '
©
= Mock  HCMV
) HCMV HCMV + Spautin-1
o
108 1057 266% ... - c Mock HCMV
s - + e +
104 104 4 SBl:
PULK-S555 WS s s a—
3 3
10 1052 1.00 057 065 062
: ; ULK1 -—
5.45% 351.7% 14.6% ” " - fl
T 00 10t 108 T 104 100 B
> Actin e e w=——
Annexin V
D Mock Mock + SBI E
[21]
105 4 16.9% : 105 4 15.0% »
- 3 2 - | - ..9 @
£
T 10° 5 104 5 9 E
=
103 103 4 s 8
E 42.8% 3 b 2r
E E g
2 : i 3)
Kel
2 132.3% 3
B ™ mo T T Ty -40 1 1
£ 103 104 105 103 104 105 Mock  HCMV
=
S HCMV HCMV + SBI F *
2 : —
105 + 108
1 13.4% 3 _
| < é
(]
108 4 10° 35
i- 4% A i E
3 ¢
3181.7% e 25
- ; - o8
10° 104 105 104 105 )
» T T T T
Annexin V Mock MCSF GMCSF HCMV

FIG 3 HCMV-induced autophagy stimulates survival of infected monocytes. (A and D) Human peripheral blood monocytes were mock or HCMV infected for
24 h, followed by treatment with either 50 uM Spautin-1, 10 uM SBI-0206965 (SBI), or vehicle control for an additional 24 h. Viability was measured by flow
cytometry using propidium iodide (Pl) and annexin V staining. Gates represent live, apoptotic, and late dead cells. (B, E, and F) Change in survival after the
addition of Spautin-1 or SBI was quantified and plotted for mock- and HCMV-infected monocytes (B and E) or myeloid growth factors MCSF and GMCSF (F).
Lines connect donor-matched data points from the same experiment. Red stars in B and E indicate the mean result for each group. Results in E are plotted
as the mean = SEM. (C) Levels of pULK1-5555 and ULK1 were determined by immunoblotting in the presence or absence of SBI in HCMV- or mock-infected
monocytes after 6 h. All results are representative of at least 3 independent experiments using different donors; ****, P < 0.0005; *, P < 0.05.
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FIG 4 VPS34 and Beclin-1 knockdown reduces the survival of infected monocytes. (A to C) Mock- or HCMV-infected
monocytes were transfected 24 h after infection with scramble, VPS34, or Beclin-1 siRNA for 48 additional hours as
indicated. (A and B) Levels of VPS34 and Beclin-1 were determined by immunoblotting. Results are representative
of at least 3 independent experiments. (C) Survival of monocytes was determined by annexin V and PI staining.
Change in live cells relative to scramble siRNA treatment was quantified and plotted for 3 independent donors; *,
P < 0.05.

HCMV-infected monocytes compared to both MCSF and GMSF, indicating that there is
a distinct role of autophagy in promoting monocyte survival during viral infection (Fig.
3F). Because Spautin-1 and SBI inhibit autophagy through distinct mechanisms, their
effects on monocyte survival is likely due to the inhibition of autophagy rather than an
off-target effect. Importantly, in both cases, the respective inhibitors did not decrease
uninfected cell viability substantially, indicating that autophagy-induced survival ap-
pears to be specific to HCMV-infected monocytes. We also undertook a complementary
genetic approach using small interfering RNA (siRNA) knockdown of both VPS34 and
Beclin-1, a key regulator of autophagy induction (Fig. 4A and B). Knockdown of either
VPS34 or Beclin-1 decreased survival in HCMV-infected, but not mock-infected, mono-
cytes, affirming the effects seen with both Spautin-1 and SBI are not likely due to
off-target effects (Fig. 4C). These data demonstrate the central role of autophagy to the
survival of HCMV-infected monocytes, but not uninfected or growth factor-treated cells.

Autophagy does not block apoptosis. Monocytes are preprogramed to rapidly
undergo apoptosis in the absence of a differentiation stimulus (30). In line with this,
treatment of uninfected monocytes with Z-VAD-FMK, a pan-caspase inhibitor, increased
live cells by 14% while simultaneously decreasing apoptotic cells by 14% (Fig. 5). In
contrast, Z-VAD-FMK did not increase cell survival of HCMV-infected monocytes, which
is consistent with our previous findings that HCMV infection stimulates the survival of
monocytes by inhibiting apoptosis itself (31-33). There is extensive cross talk between
apoptosis and autophagy, with several autophagy proteins able to directly repress
apoptosis (18, 27, 34). As autophagy appears to be contributing to monocyte survival
during HCMV infection, we investigated if autophagy was preventing caspase-mediated
apoptosis. As expected, Z-VAD-FMK treatment resulted in an average decrease of 18%
in apoptosis of uninfected monocytes treated with Spautin-1, which alone had no effect
on the viability of uninfected cells (Fig. 3A and Fig. 6A), among 4 independent blood
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FIG 5 Uninfected monocytes rapidly undergo caspase-dependent apoptosis. Human peripheral blood monocytes were mock or HCMV
infected for 24 h, followed by treatment with 5 uM Z-VAD-FMK or vehicle control for an additional 24 h. Viability was measured by
flow cytometry using Pl and annexin staining. Results are representative of at least 3 independent experiments using different blood

donors.

donors (Fig. 6A and B). Conversely, Z-VAD-FMK did not decrease the number of late
dead cells of uninfected monocytes, suggesting commitment to apoptosis was beyond
a rescuable level or that these cells may have undergone a different form of cell death.
Surprisingly, we found that Z-VAD-FMK did not reverse Spautin-1-induced cell death of
HCMV-infected monocytes, indicating autophagy was not functioning to inhibit apop-
tosis during infection (Fig. 6A and B). To ensure there were no off-target effects, the
experiments were repeated using SBI. Similar to the results with Spautin-1, Z-VAD-FMK
reduced apoptosis of SBI-treated uninfected monocytes but had no effect on SBI-
treated HCMV-infected monocytes, confirming that autophagy was not blocking apop-
tosis (Fig. 6C). These data indicate that the inhibition of autophagy leads to a caspase-
independent form of cell death in infected monocytes, while death of uninfected
monocytes occurs via apoptosis.

HCMV-induced autophagy inhibits necroptosis. Necroptosis is a programmed
form of necrosis independent of caspase activity (35, 36). Necroptosis is mediated
through the sequential phosphorylation of RIPK1, RIPK3, and MLKL, which leads to
poration of the cellular membrane (37). There are several triggers that can initiate
necroptosis, including tumor necrosis factor receptor (TNFR), Toll-like receptors (TLRs),
or cytoplasmic nucleic acid sensor DAI/ZBP1 (38-40). Regardless of the trigger, caspase
8 cleavage must be inhibited for necroptosis to proceed, thus it is often referred to as
a “trap door” death pathway (35, 36). We found that HCMV reduced the cleavage/
activation of procaspase 8 through 48 hpi, while caspase 8 was rapidly activated in
uninfected monocytes, consistent with their naturally short life span (Fig. 7A). The
prolonged inhibition of caspase 8 suggested that the necroptosis pathway could be
activated in HCMV-infected monocytes.

We next examined RIPK3 expression and found total protein expression increased
by 24 hpi in infected monocytes compared to uninfected cells (Fig. 7B). Furthermore,
RIPK3 was phosphorylated at 24 hpi in HCMV-infected cells, indicating that the first
steps of the necroptosis pathway were activated during HCMV infection (Fig. 7B and C).
However, MLKL, the “executioner” kinase of the necroptotic pathway, was not phos-
phorylated above mock levels in HCMV-infected monocytes despite RIPK3 phosphor-
ylation, suggesting a block between RIPK3 phosphorylation and MLKL phosphorylation
(Fig. 7D). To test if autophagy was mediating the block between RIPK3 and MLKL,
monocytes were treated with Spautin-1 and examined for MLKL activation. Indeed,
MLKL phosphorylation was increased in HCMV-infected monocytes at 24 hpi when
treated with Spautin-1 (Fig. 7D and E). There also appeared to be an increase in the
proportion of phosphorylated RIPK3 (p-RIPK3) to total RIPK3 in infected, but not control,
monocytes upon treatment with Spautin-1 (Fig. 7C). Because MLKL is a direct target
of RIPK3, these data suggest that either MLKL, RIPK3, or both are being sequestered
away or degraded by autophagosomes, thereby preventing their interaction. In
support, we found enhanced protein-protein interaction between RIPK3 and MLKL
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FIG 6 Autophagy does not protect HCMV-infected cells from apoptosis. (A) Human peripheral blood monocytes
were mock or HCMV infected for 24 h, followed by treatment with 5 uM Z-VAD-FMK for 1 h and then either 50 uM
Spautin-1 or vehicle control for an additional 24 h. Viability was measured by flow cytometry using Pl and annexin
V staining. Results are representative of 3 to 4 independent experiments using different blood donors. (B and C)
Pooled results from 3 to 4 independent blood donors were plotted by percentage of cells in either the “apoptotic”
or “late dead” gates following treatment with Spautin-1 or SBI with or without Z-VAD-FMK.

in the presence of Spautin-1 (Fig. 7F). Specifically, we observed increased coimmu-
noprecipitation (co-IP) of p-RIPK3 with MLKL in infected monocytes, regardless of
whether the complex was immunoprecipitated by RIPK3 or MLKL antibodies, in the
presence of autophagy inhibition (Fig. 7F). Taken together, these data suggest that
the viral induction of autophagy short circuits the necroptotic death pathway
within HCMV-infected monocytes.
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FIG 7 Inhibition of autophagy leads to activation of the necroptotic pathway in HCMV-infected monocytes. (A, B, and D) Human
peripheral blood monocytes were mock or HCMV infected for 24 h, followed by treatment with 50 uM Spautin-1 or vehicle control
for 1 h. Levels of procaspase 8, caspase 8, total RIPK3, p-RIPK3, total MLKL, p-MLKL, and actin were detected by immunoblotting from
whole-cell lysates. (C and E) The normalized ratios of p-RIPK3/RIPK3 and p-MLKL/MLKL, respectively, were quantified and plotted. (F)
Monocytes were HCMV infected for 24 h, then treated with Spautin-1 or vehicle control for 2 h and immunoprecipitated with
antibodies recognizing MLKL or RIP3. Western blot analysis was performed to determine the presence of total RIPK3, p-RIPK3, total
MLKL, and p-MLKL in the immunoprecipitated samples. Input controls were blotted for actin to confirm homogeneous loading of the
samples. All results are representative of at least 3 independent experiments using different blood donors.

Since RIPK3 is upregulated and activated during HCMV infection, we next examined
if inhibiting RIPK3 could rescue survival of autophagy-inhibited infected monocytes.
Following treatment with GSK'872, a highly selective RIPK3 inhibitor, we examined the
frequency of cells found in the late dead gate as cells undergoing necroptosis could be
either PIMigh/Annexinhigh or PIhigh/Annexin'®V, in contrast to Pl'°%/Annexinhigh early
apoptotic cells. GSK'872 treatment of Spautin-1-treated HCMV-infected monocytes
reduced the percentage of late dead cells by 17%, back to levels exhibited by HCMV-
infected monocytes, while having no effect on reducing the frequency of early apop-
totic cells (Fig. 8A). These changes were consistent over 4 independent blood donors
(Fig. 8B and Q). The reversal of the levels of late dead cells back to that of untreated
HCMV-infected monocytes demonstrates a RIPK3-dependent cell death pathway is
being initiated upon inhibition of autophagy. To determine if the RIPK3-dependent cell
death pathway inhibited by autophagy was necroptosis, we blocked MLKL activity
using necrosulfonamide (NSA), which alone had no effect on the cell viability of mock-
or HCMV-infected monocytes (Fig. 9A). As expected, NSA did not affect the levels of
cells undergoing early apoptosis (Fig. 9B). However, NSA reduced the levels of late dead
Spautin-1-treated cells to similar levels as HCMV-infected monocytes while simultane-
ously increasing the number of live cells (Fig. 9B and D), consistent with autophagy
blocking necroptosis of infected monocytes. Overall, these data indicate that HCMV
infection triggers necroptosis within infected monocytes, but is stalled by the simul-
taneous viral-mediated initiation of autophagy.

DISCUSSION
Peripheral blood monocytes are a primary target of HCMV in vivo and are believed
to be responsible for the hematogenous dissemination of the virus to distant organ
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FIG 8 HCMV-induced autophagy prevents RIPK3-dependent monocyte cell death. (A) Human peripheral blood monocytes were mock or HCMV infected for 24
h, followed by either treatment with 5 uM GSK'872 or cotreatment with GSK'872 and 50 uM Spautin-1 or vehicle control for an additional 24 h. Viability was
measured by flow cytometry using Pl and annexin staining. Results are representative of 4 independent experiments using different donors. (B and C) Pooled
results from 4 independent blood donors were plotted by percentage of cells in either the “apoptotic” or “late dead” gates following treatment with Spautin-1

with or without GSK'872.

systems and bone marrow (7, 8). As monocytes have a naturally limited life span of 48 h
in circulation and are nonpermissive for viral replication, these blood cells seem
ill-suited to mediate viral dissemination (14). However, HCMV stimulates the survival
of infected monocytes to ensure their differentiation into virus replication-permissive
macrophages (31, 32, 41-44). The molecular processes responsible for mediating
HCMV-induced monocyte-to-macrophage differentiation are not completely under-
stood. In the current study, we demonstrate that the early induction of autophagy
following HCMV infection of monocytes is required to circumvent the intrinsic biolog-
ical programming of monocytes to undergo cell death, which is consistent with growth
factor-induced late autophagy being also essential for monocyte-to-macrophage dif-
ferentiation (19). However, although inhibition of growth factor-induced autophagy
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FIG 9 MLKL-dependent cell death is initiated upon inhibition of autophagy in HCMV-infected monocytes. (A and B) Human peripheral blood monocytes were
mock or HCMV infected for 24 h, followed by either treatment with 0.5 uM necrosulfonamide (NSA) or cotreatment with NSA and Spautin-1 or vehicle control
for an additional 24 h. Viability was measured by flow cytometry using Pl and annexin staining. All experiments are representative of 4 independent experiments
using different donors. (C and D) Pooled results from 4 independent blood donors were plotted by percentage of cells in either the “apoptotic” or “late dead”
gates following treatment with Spautin-1 with or without NSA.

leads to apoptosis, we found that inhibition of early HCMV-induced autophagy led to
death of infected monocytes via necroptosis, a caspase-independent form of cell death
(19). Our data demonstrated that HCMV infection initiated the early steps of the
necroptotic pathway but that the concurrent induction of autophagy prevented the
final execution of necroptosis by blocking the activation of MLKL (Fig. 10).

As many pathogens encode anti-apoptotic proteins, necroptosis likely evolved as a
secondary cellular defense mechanism against infections. Necroptosis is a programmed
form of necrosis that is canonically activated by death signals in the absence of caspase
8 activity (37, 45). In monocytes, HCMV induces host anti-apoptotic proteins to block
apoptosis (32, 41, 44, 46), which leads to a sustained inhibition of caspase 8, enabling
the initiation of necroptosis. However, the necroptosis pathway must also be triggered
by means additional to the absence of caspase 8 activity. How HCMV activates the
necroptosis pathway in monocytes is unclear. TNF-a is considered the canonical
activator of necroptosis and requires both RIPK3 and RIPK1 (47-49). HCMV stimulates
the production of TNF-« following infection of monocytes (50), suggesting TNF-a may
be responsible for stimulating necroptosis. Alternatively, both MCMV and HCMV have
also been shown to stimulate DAI/ZBP1, a cytoplasmic nucleic acid detector able to
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FIG 10 Proposed model for HCMV regulation of autophagy and survival. Upon entering circulation from the bone
marrow, peripheral blood monocytes undergo apoptosis within 48 h in the absence of myeloid differentiation
factors. In addition to the intrinsic proapoptotic programing of monocytes, HCMV infection triggers host antiviral
self-death pathways resulting in an exceedingly proapoptotic environment within the infected cell. To circumvent
apoptosis, HCMV induces the rapid upregulation of several cellular prosurvival proteins that leads to a persistent
inactivation of caspase 8 (31, 32, 41, 43, 44). Consequently, necroptosis is triggered as a “trap door” mechanism of
cell death within infected monocytes. However, the concomitant activation of AMPK by HCMV leads to the
upregulation of autophagosomal production and maturation that then blocks necroptotic cell death prior to MLKL
activation.

directly activate RIPK3 in the absence of RIP1 activity (40, 51, 52). Although inhibition
of RIPK3 completely reversed the levels of late dead HCMV-infected monocytes when
autophagy was blocked, we cannot exclude the possibility of both canonical and
noncanonical pathways being initiated during HCMV infection of monocytes. We are
currently investigating the mechanism by which HCMV stimulates the necroptotic
pathway during infection of monocytes. Regardless, it seems clear that HCMV triggers
necroptosis in monocytes, which is simultaneously blocked by infection at the step
prior to MLKL activation.

The mechanism used by HCMV to impede necroptosis appears to be dependent
on cell type and whether HCMV establishes a lytic or latent/quiescent infection. The
MCMV-encoded anti-necroptotic protein, M45, contains a RIP homotypic interacting
motif (RHIM) that allows for direct binding to and inhibition of both RIPK1 and RIPK3
(53, 54). Although HCMV encodes an M45 homolog, the absence of an RHIM domain
suggests an inability to block necroptosis (55, 56). Indeed, to date the HCMV M45
homolog has yet to be shown to exhibit anti-necroptosis activity. Instead, an IE1-
regulated gene product is responsible for blocking necroptosis in lytic infected fibro-
blasts ectopically expressing components of the necroptotic machinery (57). Inhibition
was not at the level of RIPK1/RIPK3 during MCMV infection, but rather downstream of
MLKL. Very recently, pUL36, which inhibits caspase 8 in productive HCMV infection, was
shown to inhibit necroptosis through degradation of MLKL (58). In primary monocytes,
however, our previous work has established that there is no expression of pUL36
through 72 h of infection (41). The lack of viral gene expression of pUL36 during HCMV
infection of monocytes indicates a distinct regulatory mechanism of necroptosis control
independent of a viral gene product (8, 41). Inhibition of caspase 8 activation, required
for activation of necroptosis, may be controlled by cellular anti-apoptotic proteins like
cFLIP in the absence of pUL36, as HCMV has been shown to control many of these
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anti-apoptotic proteins through manipulation of cellular signaling. The novel finding
that pUL36 inhibits necroptosis through degradation of MLKL raises the possibility that
the virus achieves the same result using a parallel pathway in autophagy in the absence
of pUL36 expression. In support of this, virally induced upregulation of autophagy
interrupted necroptosis between RIPK3 phosphorylation and MLKL activation, as HCMV
infection inhibited MLKL phosphorylation despite RIPK3 activation. Selective degrada-
tion of proteins through autophagy is an emerging field, and some reports have
described MCMV-mediated selective degradation of cellular proteins to be detrimental
to viral infection (59). Additionally, the literature of cross talk between autophagy and
necroptosis continues to strengthen, with Beclin-1 having been recently shown to be
a negative modulator of MLKL oligomerization (60). However, we did not observe a
similar interaction in our system, as Beclin-1 did not co-IP with either RIPK3 or MLKL
(data not shown), though its downregulation did decrease survival in infected mono-
cytes, likely through its function in the autophagy pathway (Fig. 4). Finally, it has been
recently reported that autophagy is critical for turnover of RHIM-domain proteins,
including RIPK3, and that inhibition of autophagy enhanced necroptotic death upon
stimulation by either TNF or TLRs (61). While these specific mechanisms for interaction
between necroptosis and autophagy in monocytes remain undetermined, our data
suggest that autophagy plays an important role is sequestering MLKL from RIPK3 in
order to prevent the execution of necroptosis during a latent or quiescent infection.
Further studies will be necessary to elucidate the exact mechanism of control that
autophagy exerts over necroptosis in infected monocytes.

It appears that several herpesviruses have convergently evolved mechanisms to
modulate autophagy during infection in order to promote the survival of infected cells.
Early studies believed that autophagy would be a strictly antiviral immune response,
with activation of TLRs leading to envelopment and degradation of cytoplasmic foreign
virions. Epstein-Barr virus (EBV), herpes simplex type | (HSV-I), and Kaposi's sarcoma
associated herpesvirus (KSHV) have been shown to inhibit autophagy in order to
promote viral replication and egress (62-64). Autophagy during lytic HCMV infection
exhibits antiviral activity, as induction of autophagy reduces viral replication and virion
release (20-22). In support of this, HCMV encodes a number of anti-autophagic proteins
expressed during lytic infection (20, 23, 25). In contrast, our results demonstrate that
autophagy serves as a proviral pathway during the early stages of a quiescent infection
by promoting the survival of infected monocytes. Additionally, autophagy is essential
for the monocyte-to-macrophage differentiation process induced by normal myeloid
growth factors (19). As HCMV has been shown to concurrently drive survival and
differentiation of infected monocytes, autophagy may serve dual roles by stimulating
cellular survival during early infection and transitioning to a prodifferentiation role
during a prolonged infection (65). Given that HCMV-infected myeloid cells have been
recently described as a heterogeneous population using next-generation sequencing,
there may be differing sensitivities to the inhibition of autophagy on survival and
differentiation, depending on the chronological age of both cell and virus (66, 67). This
heterogeneity in both population and timing may explain why it appears that only
particular subsets of HCMV-infected monocytes are particularly sensitive to autophagy
inhibition as it relates to survival. Future studies will be required to characterize these
interactions in depth.

In summary, we demonstrate that HCMV rapidly induces autophagy in infected
monocytes to prevent the activation of necroptosis and subsequent cellular death. This
protective effect of autophagy, acting as a shunt against necroptosis, appears to be
HCMV specific, as uninfected cells showed no decrease in survival when treated with
autophagy inhibitors nor a rescuing of survival when cotreated with necroptosis
inhibitors. In contrast, death of short-lived uninfected monocytes was prevented by
apoptosis inhibitors. Additionally, autophagy inhibitors have no effect on the viability
of growth factor-treated monocytes. These data highlight the possibility that identify-
ing the molecular mechanisms by which HCMV-induced autophagy opposes necrop-
tosis could provide new pharmaceutical targets to selectively eliminate infected cells,
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thereby preventing viral dissemination in immunocompromised patients at high risk for
acquiring a new infection.

MATERIALS AND METHODS

Human peripheral blood monocyte isolation and culture. Isolation of human peripheral blood
monocytes was performed as previously described (8, 41, 68). Briefly, blood was drawn from random
donors by venipuncture, diluted in RPMI 1640 media (ATCC, Manassas, VA), and centrifuged through
Histopaque 1077 cell separation medium (Sigma-Aldrich) to remove red blood cells and neutrophils.
Mononuclear 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 (40.48% and 47.7%). 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, supplemented
with 0.5% human type AB serum (Lonza) and counted. All experiments were performed in 0.5% to 1%
human serum at 37°C in a 5% CO, 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 followed for all experimental protocols in our study. For the inhibitor studies, the
following reagents were used: Spautin-1 (a USP10 and USP13 inhibitor), SBI-0206965 (SBI; a ULK1
inhibitor), Z-VAD-FMK (Z-VAD; a pan-caspase inhibitor), necrosulfonamide (NSA, an MLKL inhibitor), and
GSK’872 (an RIPK3 inhibitor) from Selleckchem (Houston, TX). Inhibitors were titrated to the highest
concentration that did not result in downregulation of uninfected monocyte survival via flow cytometry.

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)
(Lonza) with 2.5 ug/ml Plasmocin (Invivogen, San Diego, CA) and 10% fetal bovine serum (FBS) (Sigma).
When the culture reached confluence, the cells were infected with HCMV (strain TB40/E) in DMEM
supplemented 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. Mock infection was performed
by adding an equivalent volume of RPMI 1640 medium to monocytes. UV-inactivated virus was prepared
by incubating virus under a 30W germicidal (UV type C wavelength, 254 nm) UV lamp (G30 T8; GE
Lighting, East Cleveland, OH) for 40 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.

Transient transfection and RNA Silencing. Primary monocytes (3 X 106/transfection) were washed
with phosphate-buffered saline (PBS) and resuspended in 100 ul of P3 Primary Cell Nucleofector solution
(Lonza) containing either 500 nM validated Silencer Select siRNAs against Vps34, Beclin-1, or Silencer
negative-control siRNAs (Ambion-Thermo Fisher Scientific, Carlsbad, CA) and transfected with a 4D-
Nucleofector system using program EI-100. Following transfection, monocytes were incubated in RPMI
1640 supplemented with 2% human AB serum at 37°C and allowed to recover for 4 h. Following the 4-h
recovery period, transfected monocytes were then mock- or HCMV-infected for 48 h and subjected to
immunoblot or flow cytometry analysis.

Western blot analysis. Monocytes were harvested in a modified radioimmunoprecipitation assay
(RIPA) buffer (50 mM Tris-HCl [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 15 min on ice. The lysates were cleared from the cell debris by centrifugation
at 4°C (5 min, 21,130 X g) 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 B-mercaptoethanol (Amresco, Solon, OH) by incubating at 100°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 purchased: anti-LC3, anti-AMPK, anti-phospho (p)-AMPK, anti-VPS34, anti-Beclin-1,
anti-ULK1, anti-pULK1-S555, anti-RIPK3, anti-p-RIPK3, anti-MLKL, and anti-p-MLKL antibodies were
from Cell Signaling (Danvers, MA). The blots were then incubated with horseradish peroxidase
(HRP)-conjugated secondary antibodies (Cell Signaling), and chemiluminescence was detected using
the Amersham ECL Prime Western Blotting Detection reagent (GE Healthcare).

Flow cytometry. Monocytes were washed in phosphate-buffered saline (PBS) and incubated in a
blocking solution consisting of fluorescence-activated cell sorting buffer, 5% BSA, and human FcR
binding inhibitor (eBioscience, San Diego, CA), followed by staining with an allophycocyanin (APC)-anti-
CD14 or APC-anti-mouse IgG1 isotype control antibody (BioLegend, San Diego, CA) on ice. The cells were
then washed and stained with fluorescein isothiocyanate (FITC)-annexin V (Life Technologies, Carlsbad,
CA) and propidium iodide 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).

Immunofluorescence. Cell monolayers prepared on glass coverslips were fixed for 15 min in 4%
paraformaldehyde (PFA) (Sigma) in PBS, and then washed twice with PBS. Cell permeabilization was
performed by incubating the coverslips with 1% Triton X-100 in PBS for 30 min at 37°C followed by a
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10 min incubation at RT. Nonspecific binding was blocked with a 5% BSA, 0.1% Triton X-100 solution.
Slides were then incubated overnight at 4°C in a humidified chamber with an anti-LC3 antibody
conjugated to Alexa Fluor 488 (Cell Signaling). Coverslips were mounted with ProLong Gold Antifade
with DAPI (4’,6-diamidino-2-phenylindole) (Thermo Fisher) before being analyzed on a Nikon Eclipse ti80
epifluorescence microscope (Nikon, Melville, NY). Digitized images were resized, organized, and labeled
using Image) 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.

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 dis-
played as matched experimental data points from individual donors in a side-by-side comparison.
Displaying a side-by-side comparison allows for consistent trends between the different donors to be
identified that may otherwise be missed when presenting only the mean and that may not be statistically
significant given the high number of donors needed to achieve significance on smaller changes.
Nonetheless, data were analyzed using a two-way Student’s t test comparison with GraphPad Prism
software. In experiments determining LC3 puncta, data were expressed as the mean * the standard error
of the mean (SEM) and were analyzed with Prism software (GraphPad) by using a two-way Student’s t test

comparison. P values of less than 0.05 were considered statistically significant.
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