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ARTICLE INFO ABSTRACT

Keywords: Kaposi Sarcoma Herpes Virus (KSHV) is an oncovirus belonging to the human gammaherpesvirus family, able to
Autophagy infect several immune cell types including B cells, dendritic cells (DCs) and monocytes. In this study, we found
KHSV that KSHV infection of monocytes counteracted the Reactive Oxygen Species (ROS) increase induced by
Monocytes ) Macrophage Colony-Stimulating Factor (M-CSF), prevented c-Jun N-terminal kinase (JNK) and B-cell lym-
]l:ggcnve oxygen species phoma-2 (Bcl-2) phosphorylation and inhibited autophagy, leading to an impairment of cell survival and dif-

ferentiation into macrophages. We also show that, to further dysregulate immune response in monocytes, KSHV

reduced the production of pro-inflammatory cytokines such as Tumor necrosis factor alpha (TNF o) while in-
creased the release of the immune suppressive cytokine Interleukin-10 (IL-10). These results unveils new stra-
tegies put in place by KSHV to induce immune suppression and to persist into the infected host.

1. Introduction

KSHV is a gammaherpesvirus strongly involved in human cancer.
Although its-associated malignancies mainly arise in immune compro-
mised patients, the virus is able per se to induce immune suppression.
Similarly to Epstein Barr virus (EBV) (Gilardini Montani et al.,
2018a,b), KSHV up-regulated the inhibitory immune checkpoint Pro-
grammed death-ligand 1 (PD-L1) in monocytes (Host et al., 2017) and
inhibited dendritic cell (DC) formation (Cirone et al., 2007; Santarelli
et al., 2016). Moreover, KSHV can dysregulate the functions of differ-
entiated DCs (Santarelli et al., 2014) and reduce Major Histocompat-
ibility Complex (MHC) molecule surface expression (Brulois et al.,
2014; Cirone et al., 2010). We have demonstrated that the dysregula-
tion of autophagy is one of the underlying mechanisms leading to the
KSHV-mediated impairment of DC formation (Santarelli et al., 2016) or
function (Santarelli et al., 2014). This virus encodes for proteins able to
inhibit the different phases of the autophagic process. Among those, v-
Flip that inhibits the first autophagic steps (Lee et al., 2009) and K7
reported to impair the fusion between autophagosomes and lysosomes

(Liang et al., 2013), step in which the autophagic cargo is degraded by
the lysosomal proteases (Klionsky et al., 2016). Interestingly, the in-
hibition of the last autophagic phases has been reported to occur during
KSHV and EBV replication, allowing the viruses to avoid their own
degradation (Granato et al., 2014, 2015).

Autophagy has been reported to be essential for monocyte differ-
entiation into macrophages (Zhang et al., 2012) and for the activation
of c-Jun N-terminal kinase (JNK) that may promote macrophage de-
velopment and survival (Himes et al., 2006). The latter is also sustained
by Reactive oxygen species (ROS) that also maintain activated several
signaling pathways including JNK (Park et al., 2010). In this study, we
investigated whether KSHV infection could interfere with the devel-
opment of macrophages driven by M-CSF and interfere with its-induced
production of ROS, JNK phosphorylation and autophagy.

Abbreviations: ACT, actin; ATG5, Autophagy-Related 5; CT, control; KSHV, Kaposi Sarcoma Herpes Virus; IL-10, Interleukin-10; NAC, N-acetylcysteine; clCASP3,
cleaved caspase 3; ROS, reactive oxygen species; SP, SP600125; TNF, tumor necrosis factor
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2. Material and methods
2.1. Monocytes isolation and KSHV infection

Monocytes isolated from human peripheral blood mononuclear cells
(PBMCs) of healthy donors as previously described (Gilardini Montani
et al., 2018a,b) were infected with KSHV obtained as previously de-
scribed (Cirone et al., 2007; Santarelli et al., 2016). Monocytes were
infected at a multiplicity of infection (MOI) of 10 genome equivalents/
cell for 1 h at 370C and then cultured for additional 72 hs in complete
medium. Differentiation into macrophages was performed by adding
every two days 50 ng/ml M-CSF (Miltenyi Biotec, 130-096 and 130-
093) to the cultures. In some experiments, LPS/IFNgamma (100 ng/ml
and 20 ng/ml, respectively) was added to the culture for 24 h to pro-
mote cell activation.

2.2. Indirect inmunofluorescence assay (IFA)

To detect KSHV infection, cells were applied onto multispot mi-
croscope slides (Thermo Scientific), air-dried, fixed with 2% paraf-
ormaldehyde (Electron Microscopy Science), washed three times in PBS
and then permeabilized with 0.2% Triton X-100 (Sigma Aldrich)/PBS
for 5min at RT, as previously described (Santarelli et al., 2016). They
were incubated with a primary monoclonal antibody against Kb-ZIP

(Santa Cruz Biotechnology, sc-69797), for 1 h at RT, and with a CyTM3-
conjugated sheep-anti-mouse secondary antibody for 30 min at RT
(Jackson Imm. Res., 515-165-062). Cells were also stained with DAPI
(4’,6’-diamidino-2-phenylindole) (1 pg/ml) (Sigma Aldrich) and slides
were observed by fluorescence microscope using Apotome Axio Ob-
server Z1 inverted microscope (Zeiss, Oberkochen, Germany), equipped
with an AxioCam MRM Rev.3 at 40 x magnification.

2.3. Immunofluorescence staining and FACS analysis

After 72h, uninfected or KSHV-infected monocytes were stained
with antibodies against CD14 (Miltenyi Biotec, 130-080-701), CD11b
(Abcam, 34216), CD86 (Miltenyi Biotec, 130-094-877), CD163 (Santa
Cruz Biotechnology, sc20066) and isotype control antibody (Miltenyi
Biotec, 130-095-897) and analyzed by FACS Calibur flow cytometer
(BD Transduction Laboratories), using CELLQuest software (BD
Biosciences) (Gilardini Montani et al., 2016). For each analysis 10.000
events were recorded.

2.4. Measurement of intracellular Reactive oxygen species production

To measure ROS production, the 2’,7’-dichlorofluorescein diacetate
(DCFDA) (Molecular Probes, CA) was used. DCFDA is a fluorogenic dye
that, after diffusion into the cell, is oxidized by ROS into 2’,7’-
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Fig. 2. KSHV-mediated reduction of Reactive oxygen species impairs monocyte differentiation into macrophages. A) Oxidant specie production by KSHV- and mock-
infected monocytes evaluated by DC-FDA staining and assessed by FACS analysis. A representative experiment is shown and the mean of fluorescence intensity is
indicated. B) Catalase expression in KSHV- and mock-infected monocytes cultured in the presence of M-CSF and evaluated by western blot analysis. Actin was used as
loading control. A representative experiment is shown; * p value < 0.05. C) FACS analysis showing CD14 and CD11b expression in NAC-treated and control
differentiating monocytes. A representative experiment out of three is shown and the mean of fluorescence intensity is indicated; D) Catalase expression in NAC-
treated and control monocytes cultured in the presence of M-CSF and evaluated by western blot analysis. Actin was used as loading control. A representative
experiment out of three is shown. Histograms represent the mean plus S.D. of the densitometric analysis of the ratio of catalase/actin. * p value < 0.05.

dichlorofluorescein (DCF), a highly fluorescent compound which can be
detected by fluorescence spectroscopy. 72h post infection, 5 x 10°
KSHV-infected or uninfected CD14* cells were incubated with 10 uM
DCFDA for 15 min in PBS at 37 °C. Then, cells were washed and ana-
lyzed in FL-1 by a FACS Calibur flow cytometer (BD Transduction
Laboratories), using CELLQuest software (BD Biosciences) (Gilardini
Montani et al., 2016). For each analysis 10.000 events were recorded.

2.5. Cell viability

After 24, 48 and 72 h of culture with 50 ng/ml M-CSF, a trypan blue
(Euroclone) exclusion assay was performed to assess cell viability. In
some experiments, monocytes were pretreated with 5mM N-Acetyl-L-
cysteine (NAC) (Sigma Aldrich) or 10 [JM SP600125 (JNK inhibitor)
(Santa Cruz Biotechnology). Live cells were counted by light micro-
scopy using a Neubauer hemocytometer. The experiments were per-
formed in triplicate and repeated al least three times.

2.6. Western blot analysis

1 x 10° uninfected or KSHV-infected cells were lysed, subjected to
electrophoresis and transferred to nitrocellulose membranes, as pre-
viously described (Gilardini Montani et al., 2018a). Membranes were
blocked in PBS-0.1% Tween 20 solution containing 3% BSA, probed
with specific antibodies and developed using ECL Blotting Substrate
(Advansta). The following antibodies were used: rabbit polyclonal anti-
PARP1 (1:500; Cell Signaling Technology, 9542), mouse monoclonal
anti-catalase (1:100; Santa Cruz Biotechnology, sc-271803), rabbit
polyclonal anti-p-JNK (1:300; Cell Signaling, 4668), mouse monoclonal
anti-JNK (1:100; Santa Cruz Biotechnology sc-7345), mouse mono-
clonal anti-p-Bcl2 (1:100; Santa Cruz Biotechnology sc-293128), mouse
monoclonal anti-Bcl2 (1:100; Santa Cruz Biotechnology sc-7382),

rabbit polyclonal anti-LC3B (1:1000; Novus Biologicals, NB100-
2220SS), mouse monoclonal anti-SQSTM1 (1:500; BD Transduction
Laboratories, 610883), rabbit polyclonal anti-ATG5 (1:500; Cell Sig-
naling Technology, 2630), and anti-beta actin (1:10000; Sigma Aldrich,
A5441). Goat anti-mouse IgG-HRP and anti-rabbit IgG-HRP (1:10.000
Santa Cruz Biotechnology Inc) were used as secondary antibodies.

2.7. Knockdown by small interfering RNA (siRNA)

ATG5 knockdown was performed by specific siRNA transfection
(Santa Cruz Biotechnology, sc-41445) using HiPerFect Transfection
Reagent (Qiagen, 301704) as previously described (Gilardini Montani
et al., 2018b). Briefly, the transfection of CD14 *monocytes was done
the same day, in which they were freshly isolated from blood and re-
suspended in warm complete RPMI at a cell density of 1.5 x 10° cells/
ml in 1 ml/well in a 12-well plate format without antibiotics. A mix
composed by 100 nM ATG5 siRNA with 15 pl of HiPerFect Transfection
Reagent was prepared and let react for 15min RT, and then added to
the cells. Control siRNA-A (Santa Cruz Biotechnology, sc-37007) was
used as a scrambled control. After transfection, monocytes were cul-
tured for additional 72 h, in complete medium.

2.8. Chemiluminescent immunometric assay

After 72h of culture, supernatants from KSHV-infected and mock
control monocytes were collected and Interleukin-10 and TNF-alpha
were measured by an automated solid-phase chemiluminescent im-
munometric assay performed by Immulite 1000 Analyzer (Siemens)
using corresponding kits (IMMULITE" TNF-a and IMMULITE® IL-10,
Diagnostic Products Corporation, Los Angeles, USA) according to the
manufacture's instructions.
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2.9. Densitometric analysis

The quantification of proteins bands was performed by densito-
metric analysis using the Image J software, which was downloaded
from NIH web site (http://imagej.nih.gov).

2.10. Statistical analysis

Data are represented by the mean * standard deviation (SD) of at
least three independent experiments and two-tailed Student's t-test was
used for statistical significance of the differences between treatment
groups. Difference was considered statistically significant when p-value
was <0.05.

3. Results

3.1. KSHYV infection reduces M-CSF-driven monocyte differentiation into
macrophages, prevents LPS/IFNgamma-induced activation and alters their-
mediated cytokine release

Primary human monocytes were exposed to KSHV and, after 24 h,
infection was assessed by IFA. We found that infected monocytes ex-
pressed K-bZIP early lytic antigen (Fig. 1A), in agreement with the
knowledge that the virus replicates in the early phases of infection
(Purushothaman et al., 2016). Subsequently, KSHV- and mock-infected
cells were cultured in the presence of M-CSF to induce their
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Fig. 3. The reduction of Reactive oxygen spe-
cies by KSHV or NAC led to the de-phosphor-
ylation of JNK required for macrophage for-
mation and monocyte survival.

A) JNK and Bcl-2 phosphorylation in KSHV-
and mock-infected differentiating monocytes,
as evaluated by western blot analysis; B) JNK
and Bcl-2 phosphorylation in NAC-treated and
control differentiating monocytes as evaluated
3 by western blot analysis. Actin was used as
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intensity is indicated. D) Cell viability of mock
or KSHV-infected or SP- or NAC-treated
monocytes cultured in the presence of M-CSF,
as evaluated by trypan blue exclusion assay.
Mean plus SD of three independent experi-
ments is reported. * p value < 0.05; E) Caspase
3 cleavage of mock- of KSHV-infected or SP- or
NAC-treated differentiating monocytes, as
evaluated by western blot analysis. Actin was
used as loading control. A representative ex-
periments is shown. Histograms represent the
mean plus S.D. of the densitometric analysis of
the ratio of cleaved caspase 3/actin. * p
value < 0.05.
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differentiation into macrophages. After 72h, KSHV-infected cells re-
tained more CD14 monocyte marker and expressed lower level of
CD11b, CD86 and CD163 in comparison with the mock-treated control
cells (Fig. 1B), suggesting that viral infection interfered with the process
of macrophage formation. Similar results were obtained when mock- or
virus-infected monocytes were differentiated in macrophages in the
presence of GM-CSF (data not shown). We then investigated the effect
of viral infection on monocyte activation promoted by LPS/IFN gamma.
As shown in Fig. 1C, KSHV counteracted CD86 up-regulation induced
by LPS/INF gamma, suggesting that virus interfered with the activation
of cells that could be detrimental for its survival. To investigate whether
KSHV could also affect cytokine production in differentiating mono-
cytes, pro-inflammatory and anti-inflammatory cytokine production
was assessed in the supernatant of infected and control cells. We found
that KSHV-infected monocytes produced a reduced amount of TNF
alpha while increased IL-10 production (Fig. 1D and E). All together
these results suggest that KSHV is able to reduce macrophage forma-
tion, prevent their activation and skew the cytokine release towards an
immune suppressive profile, leading to an impairment of immune re-
sponse.

3.2. KSHV-infection reduces Reactive oxygen species (ROS) to impair
macrophage formation

Searching for the molecular mechanism/s that could underlie the
impairment of monocyte to macrophage differentiation by KSHV, we
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B Fig. 4. KSHV-mediated reduction of autophagy

CT NAC contributes to the impairment of monocyte

62 kDa mw po2  differentiation.
A) LC3I/II and p62 expression in KSHV- or
mock-infected differentiating monocytes as
evaluated by western blot analysis. Actin was
used as loading control. A representative ex-
1.2 | periments is shown. Histograms represent the
mean plus S.D. of the densitometric analysis of
the ratio of LC3I/actin, LC3II/actin, p62/actin;
0.4 * p value < 0.05. B) p62 expression in NAC-
0 . treated and control differentiating monocytes
CT NAC as evaluated by western blot analysis. Actin
was used as loading control. A representative
experiments is shown. Histograms represent
the mean plus S.D. of the densitometric ana-

42kDa s s ACT

0.8

Ratio
p62/ACT

siScr CD14

=3

E 4

siScr siATG5
18 3 K
o

lysis of the ratio of p62/actin; * p value < 0.05.
3 37 C) ATGS5 silencing assessed by western blot
3 analysis. Actin was used as loading control.
3 Histograms represent the mean plus S.D. of the
3 -"r\; densitometric analysis of the ratio of ATG5/

Counts

55kDa s s ATG5

FL1-H
0.6

Ratio
ATG5/ACT

=3

SIATG5 iso

actin; * p value < 0.05. D) Monocyte differ-

cells cultured in the presence of M-CSF, as
o SIATG5CD14 evaluated by FACS analysis. A representative
(=3

<
N 3

42KDa | weme == ACT o

siScr siATG5 4

Counts

T

o]

P AL T oy T
0101 <02 103 1od 0101 102 103 104 o E )
1.2 I * LR L 10 1OFL1‘?-H10 10 entiation in ATG5 silenced or scramble-treated

« experiments is shown and the mean of fluor-
E 208

escence intensity is indicated.

i

Counts

o

FL1-H

found that intracellular ROS, measured by DC-FDA increased by M-CSF,
were reduced in virus-infected cells in comparison to the mock-infected
control (Fig. 2A). As the ROS level is the result of the balance between
their production and scavenging, mediated by the anti-oxidant en-
zymes, we investigated whether the latters could up-regulated and lead
to the ROS reduction by KSHV infection. We found that the expression
level of catalase, one of the most important enzymes involved in the
anti-oxidant response, was increased by viral infection (Fig. 2B). This
result indicates that KSHV by up-regulating catalase altered the balance
between ROS production and scavenging leading to their reduction.
Interestingly, it has been reported that ROS play an important role in
the differentiating process of monocytes (Zhang et al., 2013) and an-
other study has shown that the addition of catalase could prevent the
differentiating process of THP1 human monocytoid cells (Yamamoto
et al., 2009). All together these data suggest that reduction of ROS,
likely mediated by the increase of catalase expression, could contribute
to the KSHV-mediated impairment of macrophage formation. This hy-
pothesis was supported by the findings that the ROS scavenger NAC was
able to mimic the effects of KSHV infection in impairing macrophage
formation (Fig. 2C), as it also increased catalase expression (Fig. 2D).

3.3. The reduction of ROS reduces the phosphorylation of JNK required for
monocyte differentiation and survival

Among other pathways, ROS may induce the activation of JNK that
in turn may induce the phosphorylation of Bcl-2. Thus, we next ex-
plored the status of JNK and Bcl2 phosphorylation in KSHV and in
mock-infected monocytes undergoing M-CSF-treatment. As shown in
Fig. 3A, the phosphorylation of both molecules was reduced in KSHV-
infection in differentiating monocytes, in correlation with the reduction
of ROS mediated by the virus. We then found that the ROS scavenger
NAC mimicked the effects of KSHV in reducing JNK and Bcl-2 phos-
phorylation (Fig. 3B), confirming the role of ROS in maintaining this
pathway activated. To evaluate the role of JNK de-phosphorylation in
monocyte differentiation induced by M-CSF, we inhibited it by using

3 oy T Ty T
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FL1-H

SP600125 and found that it led to a reduction of macrophage formation
(Fig. 3C). Interestingly, besides monocyte differentiation, KSHV,
SP600125 and NAC reduced cell survival (Fig. 3D) and increased cas-
pase3 cleavage (Fig. 3E), in agreement to previous findings indicating
that JNK was required for macrophage development and survival
(Himes et al., 2006) and that also the ROS were involved in the latter
effect (Bhatt et al., 2002).

3.4. KSHV reduced autophagy contributing to the inhibition of macrophage
development

It has been reported that ROS represent one of the main stimuli able
to activate autophagy (Azad et al., 2009; Filomeni et al., 2015). Also
JNK and Bcl-2 phosphorylation that may be induced by ROS can pro-
mote the autophagic process (Zhong et al., 2017). Therefore, we in-
vestigated whether ROS reduction by KSHV could inhibit autophagy in
differentiating monocytes. As shown in Fig. 4A, LC3II decreased and
p62 accumulated in the virus-infected cells in comparison to the control
cells, indicating that autophagy was reduced by viral infection. Simi-
larly to KSHV infection, NAC also reduced autophagy in differentiating
monocytes (Fig. 4B), indicating that ROS were involved in the activa-
tion of such process. According to the findings that autophagy was re-
quired for monocyte differentiation into macrophages (Zhang et al.,
2012), we then found that the silencing of ATG5 (Fig. 4C) reduced the
macrophage formation (Fig. 4D). These results suggest that the reduc-
tion of autophagy contributed to the impairment of monocyte differ-
entiation mediated by KSHV.

4. Discussion

This study indicates that KSHV counteracted the M-CSF driven
monocytes to macrophage differentiation and that the first ring of the
chain of events leading to this effect was the reduction of ROS, whose
production was induced by M-CSF. ROS, besides cell differentiation,
were involved in monocyte survival, as indicated by the finding that the
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ROS scavenger NAC, that mimicked the effects induced by KSHV, im-
paired both cell survival and differentiation of monocytes. Interestingly,
KSHV up-regulated catalase, one the most important enzymes med-
iating the anti-oxidant response and similar effects were observed by
using NAC, according to previous findings (Zukowski et al., 2018). The
level of ROS is tightly regulated by the equilibrium between their
production and scavenging and, depending on their increase or de-
crease, several signaling pathways may result activated or inhibited. In
this study, we found that the reduction of ROS induced by KSHV de-
creased the phosphorylation of JNK and Bcl-2. Interestingly, JNK
phosphorylation has been previously reported to promote macrophage
development (Himes et al., 2006), therefore its de-phosphorylation by
KSHV could contribute to the viral-mediated impairment of monocyte
differentiation. Another pathway known to be essential for macrophage
formation and activated by the JNK-Bcl2 axis is autophagy that was also
impaired by KSHV infection. ROS is one of the main stimuli that induces
autophagy, thus their reduction may contribute to autophagy inhibition
by KSHV. Of note, autophagy contributes to the direct microbial elim-
ination and to viral antigen presentation (Santarelli et al., 2015),
therefore the reduction of autophagy may have a variety of immune
suppressive effects and represents a common strategy adopted by
viruses to counteract their own elimination and persist in the infected
host (Gilardini Montani et al., 2018b; Granato et al., 2016). Further-
more, as observed in infected DCs (Santarelli et al., 2014), KSHV dys-
regulated the cytokine release during M-CSF-driven monocyte differ-
entiation. Indeed, it increased the release of the anti-inflammatory
cytokine IL-10 and decreased the production of the pro-inflammatory
cytokine TNF alpha, skewing cytokine release toward an immune sup-
pressive profile. Interestingly, TNF alpha has been reported to increase
intracellular ROS level (Woo et al., 2000) and to reduce catalase ex-
pression (Lupertz et al., 2008). Among the immune suppressive effects
induced by KSHYV, it also counteracted CD86 up-regulation in mono-
cytes undergoing TLR stimulation with LPS/IFN gamma, suggesting
that the virus can adopt several strategies to avoid immune recognition.
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