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RESEARCH PAPER

EBV reduces autophagy, intracellular ROS and mitochondria to impair monocyte
survival and differentiation
M.S. Gilardini Montania, R. Santarellia, M. Granatoa, R. Gonnellaa, M.R. Torrisib,c, A. Faggionia, and M. Cironea

aDepartment of Experimental Medicine, Sapienza University of Rome, laboratory affiliated to Istituto Pasteur Italia-Fondazione Cenci Bolognetti,
Rome, Italy; bDepartment of Clinical and Molecular Medicine, Sapienza University of Rome, laboratory affiliated to Istituto Pasteur Italia-Fondazione
Cenci Bolognetti, Italy; cSant'Andrea University Hospital, Azienda Ospedaliera Sant’Andrea, Rome, Italy

ABSTRACT
EBV has been reported to impair monocyte in vitro differentiation into dendritic cells (DCs) and reduce
cell survival. In this study, we added another layer of knowledge to this topic and showed that these
effects correlated with macroautophagy/autophagy, ROS and mitochondrial biogenesis reduction. Of
note, autophagy and ROS, although strongly interconnected, have been separately reported to be
induced by CSF2/GM-CSF (colony stimulating factor 2) and required for CSF2-IL4-driven monocyte in
vitro differentiation into DCs. We show that EBV infects monocytes and initiates a feedback loop in
which, by inhibiting autophagy, reduces ROS and through ROS reduction negatively influences autop-
hagy. Mechanistically, autophagy reduction correlated with the downregulation of RAB7 and ATG5
expression and STAT3 activation, leading to the accumulation of SQSTM1/p62. The latter activated the
SQSTM1-KEAP1- NFE2L2 axis and upregulated the anti-oxidant response, reducing ROS and further
inhibiting autophagy. ROS decrease correlated also with the reduction of mitochondria, the main source
of intracellular ROS, achieved by the downregulation of NRF1 and TFAM, mitochondrial biogenesis
transcription factors. Interestingly, mitochondria supply membranes and ATP required for autophagy
execution, thus their reduction may further reduce autophagy in EBV-infected monocytes. In conclusion,
this study shows for the first time that the interconnected reduction of autophagy, intracellular ROS and
mitochondria mediated by EBV switches monocyte differentiation into apoptosis, giving new insights
into the mechanisms through which this virus reduces immune surveillance.

Abbreviations: ACTB: actin beta; ATG5: autophagy related 5; BAF: bafilomycin A1; BECN1: beclin 1; CAT:
catalase; CSF2: colony stimulating factor 2; CT: control; CYCS (cytochrome C: somatic); DCs: dendritic
cells; EBV: Epstein-Barr virus; GSR: glutathione-disulfide reductase; KEAP1: kelch like ECH associated
protein 1; IL4: interleukin 4; MAP1LC3/LC3: microtubule associated protein 1 light chain 3; MET:
metformin; NAC: N-acetylcysteine; NFE2L2/NRF2 nuclear factor: erythroid 2 like 2; NRF1 (nuclear respira-
tory factor 1); clPARP1: cleaved poly(ADP-ribose) polymerase; Rapa: Rapamycin; ROS: reactive oxygen
species; SQSTM1/p62: sequestosome 1; TFAM: (transcription factor A: mitochondrial); TUBA1A: tubulin
alpha 1a.
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Introduction

Epstein Barr virus (EBV), the first discovered human oncov-
irus, is strongly associated to endemic form of Burkitt lym-
phoma (BL) and to several other human cancers such as
nasopharyngeal carcinoma (NPC) and Hodgkin lymphoma
[1–3]. It belongs to gammaherpesvirus family, together with
Kaposi sarcoma-associated herpesvirus (KSHV), that is also
linked to the pathogenesis of several human malignancies
[3,4]. Besides having protumorigenic effects, both viruses
interfere with the immune system cell function [5,6] and in
particular of dendritic cells (DCs) [7–12].

DCs are the most powerful antigen presenting cells, whose
function is essential to initiate and regulate immune response.
Given their importance, it is not surprising that viruses,
especially those that persist in the infected host, have adopted
a variety of strategies to dysregulate their differentiation and
function [9,10,13,14].

It has been reported that autophagy, induced by CSF2/
GM-CSF (colony stimulating factor 2), is essential for proper
monocyte in vitro differentiation into DCs [15]. Consistent
with these results, we have recently shown that KSHV, as well
as other completely unrelated oncoviruses such as hepatitis C
virus (HCV), reduced autophagy to impair DC formation
[12,16,17], although through different strategies.

Autophagy and proteasomal degradation are the main cellu-
lar catabolic routes, both essential for the maintenance of tissue
homeostasis. Autophagy is articulated in several steps that go
from autophagosome formation and elongation to their degra-
dation into the lysosomes. It is involved in a variety of cellular
functions including cell death, survival and differentiation,
depending on the cell types and on the extent to which the
process is activated [18–20]. Autophagy upregulation may help
cells to cope with increased demands induced by stressful con-
ditions by degrading and eventually recycling misfolded and
long-lived proteins and damaged organelles [21].
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The autophagic process is regulated by several cellular
pathways, such as STAT3 (signal transducer and activator of
transcription 3) and MTOR (mechanistic target of rapamycin
kinase), which control also several other fundamental cellular
functions [22]. Interestingly, STAT3 pathway has been
reported to be activated by EBV [23] and its activation may
induce DC immune dysfunction [24].

Autophagy contributes to immune system cell function,
particularly of antigen presenting cells because, besides being
involved in monocyte differentiation, it plays an important
role in the direct elimination of pathogens (xenophagy) and in
antigen presentation [16,25]. One of the stimuli that upregu-
lates autophagy is the increase of intracellular reactive oxygen
species (ROS) [26,27]. Conversely, the inhibition of autop-
hagy, leading to the accumulation of SQSTM1, may activate
the SQSTM1- KEAP1 (kelch like ECH associated protein 1)-
NFE2L2/NRF2 (nuclear factor, erythroid 2 like 2) axis, upre-
gulating the anti-oxidant response that decreases ROS [28,29].
As reported for autophagy, ROS production is induced by
CSF2 and is required for proper monocyte in vitro differentia-
tion into DCs [30]. ROS are mainly produced by mitochon-
dria [31], and mitochondria reduction may lead to ROS and
ATP decrease, further impairing autophagy that requires ATP
for its execution [32] and mitochondrial membranes for
autophagosome formation [33]. Interestingly, concomitantly
with autophagy induction, the mitochondrial pool has been
reported to expand in monocytes undergoing CSF2 and IL4
(interleukin 4)-driven differentiation, suggesting a role of
these organelles in DC formation [34].

EBV impairs monocyte survival and reduces their in vitro
differentiation into DCs [7,8], although the underlying
mechanisms have not been fully elucidated yet. In this study,
we confirmed that infectious as well as UV-inactivated EBV
impaired monocyte differentiation into DCs, as previously
reported [35] and then showed that the reduction of autophagy,
intracellular ROS and mitochondrial biogenesis were involved
in this virus-induced immune suppressive effect.

Results

EBV establishes a lytic infection in differentiating
monocytes and reduces cell survival

Primary monocytes were infected with recombinant EBV viral
particles purified from 293/EBV-WT cells [36] or mock-
infected and cultured for 5 days in the differentiation cocktail
containing CSF2 and IL4. The percentage of infected cells,
assessed by optical microscopy by the appearance of GFP-
positive cells, was evaluated to be about 25% (Figure 1(a)).
Then, to investigate the type of EBV infection, western blot
analysis was performed. We found that the EBV-infected
monocytes expressed early antigen-diffused (EA-D), an EBV
antigen expressed during a lytic infection (Figure 1(b)). Then,
the finding that about 20% of monocytes expressed the late
lytic antigen gp350/220, as assessed by immunofluorescence
assay (IFA) (Figure 1(c)) suggested that EBV was able to
establish a complete replicative cycle in these cells. This evi-
dence was further supported by capacity of the supernatant of
EBV-infected monocytes to infect monocytes, as

demonstrated by PCR (Figure1(d)). We next evaluated
whether the EBV-infection could affect monocyte survival.
We found that, the number of EBV-infected monocytes was
reduced to about 50% or 30%, respectively after 3 and 5 days
in culture in the differentiation cocktail containing CSF2 and
IL4, in comparison to the mock-infected cells (Figure 1(e,f)).
In addition, the results obtained by ANXA5 (annexin A5)
staining and western blot analysis showing an increase of
PARP 1(poly[ADP-ribose] polymerase) cleavage, indicated
that the reduction of monocyte survival correlated with a
time-dependent apoptotic cell death induced by EBV
(Figure 1(e,f)).

EBV impairs monocyte differentiation into dcs

The impact of EBV infection on the differentiation process of
monocytes into DCs was then investigated by FACS analysis.
We found that CD14, expressed in monocytes at beginning of
the differentiation process (Figure 2(a)), decreased in mock-
infected cells while it was slightly affected by EBV infection
after 3 days of in vitro culture (Figure 2(b)). Again, after 5
(Figures 2(c)) and 7 days (Figure2(d)) of differentiation,
CD14 was more expressed in EBV-infected cells in compar-
ison to the mock-infected cells. According to the higher CD14
expression, FACS analysis also indicated that CD1A/CD1a
(DC marker), not expressed by monocytes at beginning of
culture (Figure 2(a)) was progressively acquired during their
in vitro differentiation and that such process was counteracted
by EBV infection, in a time-dependent fashion (Figure 2(b-d)
and Table 1). DC activation markers such as HLA-DR and
CD86, as well as the CD83 differentiation marker were also
reduced by EBV infection (Figure 2(d)). Moreover, IFA
experiments confirmed that CD14, lost in the majority of
mock-infected cells in the presence of CSF2 and IL4, was
retained in monocytes exposed to EBV (Figure 2(f)) and
that the cells expressing CD14 were also GFP-positive, as
they were EBV-infected (Figure 2(g)). Interestingly, we
found that UV-inactivated virus was also able to reduce
monocyte differentiation (Figure 2(e)), in agreement with
previous findings [8]. The impairment of DC formation cor-
related with a reduction of their phagocytic function, as EBV-
infected cells displayed a reduced capacity to capture Dextran-
FITC (Dext-FITC) upon incubation at 37°C for 30 min
(Figure 2(h)). Moreover, they displayed a reduced activation
upon LPS-exposure as demonstrated by the lower expression
of the activation marker CD86 (Figure 2(i)). All together these
findings suggest that EBV induced a phenotypic and func-
tional impairment of monocyte differentiation into DCs.

EBV reduces autophagy in differentiating monocytes

Autophagy, induced by CSF2 has been reported to be essential
for monocyte differentiation into DCs [15]. Since EBV inter-
feres with the autophagic process in other cell types [37] and
autophagy inhibition by other oncoviruses results in an
impairment of the differentiation process in infected mono-
cytes [12,17], we investigated whether the reduction of DC
formation mediated by EBV could correlate with autophagy
inhibition. As shown in Figure 3(a), the expression level of the
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autophagic marker MAP1LC3-II/LC3-II (microtubule asso-
ciated protein 1 light chain 3)-II was reduced in the presence
of bafilomycin A1 (BAF) [38] in a time-dependent fashion in
EBV-infected monocytes compared to the mock control cells,
indicating that the autophagic flux was reduced by EBV-
infection. This result was confirmed by the finding that
SQSTM1, molecule mainly degraded through autophagy,
accumulated in a time-dependent fashion in EBV-infected
monocytes, as indicated by western blot analysis (Figure 3
(b)) and confirmed by IFA (Figure 3(c)). In agreement with
the impairment of DC differentiation, UV-inactivated virus
(Figure 3(d)) also reduced autophagy in differentiating mono-
cytes (Figure 3(e)).

RAB7 and ATG5 downregulation and STAT3 activation
correlate with EBV-mediated autophagy reduction in
differentiating monocytes

Searching for the underlying mechanisms leading to autop-
hagy reduction by EBV, we found that RAB7 (RAB7, member
RAS oncogene family), a molecule essential for autophago-
some-lysosome fusion, occurring in the last phases of autop-
hagy [21], was reduced by EBV infection (Figure 4(a)). We
have previously shown that, during gamma-herpesvirus repli-
cation, RAB7 is downregulated and results in an autophagic
block in virus producing cells [37,39]. Interestingly, as above
shown in Figure 1(b,c), a lytic infection was established by

Figure 1. EBV infects differentiating monocytes and impairs cell survival. Primary monocytes (CD14+) were infected with recombinant EBV particles purified from 293/
EBV-WT cells or mock-infected. After 5 days of EBV infection, (a) cells were analysed by using a fluorescence microscopy showing that about 25% of the cells were
infected (GFP-positive), Bars: 10 mm. EBV-infected differentiating monocytes and mock control cells were then analysed for EBV protein expression (b) by western
blot for the early lytic EA-D expression, where also B95.8 and BJAB were included as positive and negative controls (lane 1 mock monocytes, lane 2 EBV-infected
monocytes, lane 3 BJAB and lane 4 B95.8) and (c) by IFA for EBV gp350/220 late lytic antigen. DAPI staining is shown in blue and gp350/220 late lytic antigen in red,
Bars: 10 mm; (d) the supernatant of EBV-infected monocytes was able to infect monocytes, as indicated by DNA-PCR analysis. Lane 1 and 2 B95.8 positive controls,
lane 3 and 4 monocytes infected with supernatant at day 5 and 3 respectively, lane 5 negative control. (e and f) After 3 and 5 days of culture, cell survival was
evaluated by trypan blue exclusion assay in EBV and mock-infected differentiating monocytes. The histograms represent the mean plus S.D. of more than 3
experiments * P value < 0.05 ^ alpha value < 0.05; ANXA5 staining in the gate of Propidium Iodide (PI)-negative cells and PARP cleavage were also evaluated in
these cells. ACTB was used as loading control. One representative experiment out of 3 is shown. The histograms represent the mean plus S.D. of the densitometric
analysis of the ratio of EA-D:ACTB and cleaved PARP:ACTB of 3 different experiments. * P value < 0.05.
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EBV in differentiating monocytes. We then investigated the
expression of ATG5 and BECN1, 2 proteins essential for the
autophagic process. We found that, as in the case of Kaposi

sarcoma associated herpesvirus (KSHV)-infection of mono-
cytes [12], ATG5 was downregulated by EBV, while BECN1
expression was slightly affected (Figure 4(b)). Several cellular

Figure 2. EBV reduces DC formation. (a) FACS profiles of CD14 and CD1A expression in purified monocytes before initiating the differentiating process; (b, c and d)
time-dependent FACS analysis of CD14 and CD1A surface expression on differentiating monocytes exposed or unexposed to EBV, after 3, 5 and 7 days of culture in
the presence of the differentiation cocktail; in (d) also HLA-DR, CD86 and CD83 expression is indicated; (e) CD14 and CD1A expression in monocytes exposed to UV-
inactivated EBV after 7 days of culture. (f) CD14 expression on differentiating monocytes exposed or unexposed to EBV, following 5 days of culture in the presence of
CSF2 and IL4, as evaluated by IFA. DAPI staining is shown in blue and CD14 in red; bars: 10 µm; (g) IFA showing CD14 expression in GFP-EBV-positive monocytes.
CD14 is red stained. Bars: 10 mm; (h) FACS analysis of FITC-dextran uptake by differentiating monocytes exposed or unexposed to EBV; (i) FACS analysis of CD86
surface expression on differentiating monocytes exposed or unexposed to EBV, stimulated with LPS for 24 h. The mean of fluorescence intensity is reported. Solid
grey peaks represent the isotype controls. One representative experiment out of 3 is shown.
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pathways, dysregulated by oncogenic viruses, can affect autop-
hagy [40]. Among those, STAT3 has been reported to be
activated by EBV infection, to induce immune suppression
[41,42] and to negatively regulate autophagy [11,43].
Therefore, we investigated whether STAT3 could be activated
in EBV-infected monocytes and found that it was hyperpho-
sphorylated on Tyr 705 and Ser 727 residues in comparison to
the mock-infected cells (Figure 4(c)). Besides EBV infection,
this pathway is activated by cytokines such as IL6, whose
release can be increased by EBV infection. Therefore, we
evaluated IL6 release and, as shown in Figure 4(d), we
found that EBV-infected monocytes produced a higher
amount of IL6 in comparison to the mock infected cells.
Interestingly IL6, by acting in paracrine fashion, could induce
STAT3 activation and reduce autophagy also in bystander
uninfected monocytes. Finally, we investigated the role of
STAT3 activation in the inhibition of DC formation by silen-
cing this molecule with a specific siRNA. We found that
STAT3-silencing rescued autophagy, as it reduced SQSTM1

expression (Figure 5(a)) and partially prevented the EBV-
mediated inhibitory effect on monocyte differentiation
(Figure 5(b)). These results highlight the importance of
STAT3 activation in the inhibition of autophagy and mono-
cyte differentiation in EBV-infected cells.

Reduction of intracellular ROS contributes to the
inhibition of autophagy and to the impairment of
monocyte differentiation mediated by EBV

Intracellular ROS production is induced by CSF2 and, as
reported for autophagy, ROS are required for proper in vitro
differentiation of monocytes into DCs [30]. ROS and autop-
hagy are strictly inter-connected [44,45], thus we next inves-
tigated whether EBV could also affect ROS production to
further reduce autophagy and impair DC differentiation. As
shown in Figure 6(a), intracellular ROS were reduced in EBV-
infected monocytes, as evaluated after 3 and 5 days of in vitro
culture in the presence of the CSF2 and IL4 differentiation
cocktail. The finding that the ROS scavenger N-acetylcysteine
(NAC) reduced monocyte differentiation (Figure 6(b)), con-
comitantly with ROS reduction (Figure 6(c)), confirmed the
importance of ROS in DC formation. Next, to explore
whether NAC could also inhibit autophagy in differentiating
monocytes, we evaluated the autophagic flux induced by CSF2
and IL4 in the presence or in the absence of this ROS

Table 1. Kinetics of EBV-infected and control monocyte differentiation into DCs.

Cells Diff. Marker
Mean± SD
(3 days)

Mean± SD
(5 days)

Mean± SD
(7 days)

CT cells CD14 41 ± 3 23 ± 12 6 ± 3
EBV-infected cells CD14 75 ± 5 46 ± 11 35 ± 4
CT cells CD1A 124 ± 30 246 ± 4 410 ± 30
EBV-infected cells CD1A 55 ± 27 141 ± 16 190 ± 17

Figure 3. Autophagy reduction by EBV interferes with monocyte differentiation. Monocytes infected with EBV were cultured for 3 and 5 days with CSF2 and IL4 and
analysed by western blot (a) for LC3-II expression in the presence or absence of bafylomicin A1 (BAF) (added for the last 2 h at 20 nM) and (b) for SQSTM1 expression
by western blot and (c) by IFA in EBV- and mock-infected control cells. SQSTM1 staining is shown in red; bars: 10 µm; ACTB was used as loading control. One
representative experiment out of 3 is shown. The histograms represent the mean plus S.D. of the densitometric analysis of the ratio of LC3-II:ACTB, SQSTM1:ACTB, of
3 different experiments. * P value < 0.05. (d) IFA for EBV gp350/220 late lytic antigen in EBV and EBV-UV-infected cells. DAPI staining is shown in blue and gp350/220
late lytic antigen in red, Bars: 10 mm; and (e) SQSTM1 expression by western blot in EBV- and EBV-UV-infected cells. ACTB was used as loading control. The
histograms represent the mean plus S.D. of the densitometric analysis of the ratio of SQSTM1:ACTB, of 3 different experiments. * P value < 0.05.
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scavenger. As shown in Figure 6(d), SQSTM1 expression
increased in the presence of NAC, suggesting that it reduced
autophagy. Differently from SQSTM1, BECN1 expression was
slightly affected by NAC. Interestingly, it increased pSTAT3
phosphorylation (Figure 6(d)), suggesting that it could reduce
autophagy through this effect. Finally, to reduce ROS
(Figure 7(a)), we used metformin (MET), a mitochondrial
complex I inhibitor [46] and found that it, similar to NAC,

impaired monocyte differentiation (Figure7(b)). Conversely,
the addition of H2O2 to EBV-infected monocytes partially
rescued DC differentiation (Figure7(c)), further highlighting
the importance of ROS in promoting this process.

Autophagy inhibition activates the SQSTM1-KEAP1-
NFE2L2 axis to reduce ROS in EBV-infected monocytes

Autophagy inhibition leads to the accumulation of SQSTM1
that may activate the SQSTM1-KEAP1-NFE2L2 axis upre-
gulating the transcription of antioxidant enzymes [47,48].
Therefore, we asked whether autophagy reduction and
SQSTM1 accumulation induced by EBV, could activate
this axis to reduce ROS in differentiating monocytes. As
shown in Figure 8(a), the expression level of KEAP1, a
negative regulator of NFE2L2, was reduced, likely due to
its destabilization induced by SQSTM1 accumulation
[49,50]. Conversely, NFE2L2 expression increased in EBV-
infected monocytes in comparison with the mock-infected
control cells and more importantly, it resulted activated in
virus-infected cells, displaying a nuclear localization
(Figure 8(b)). NFE2L2 activation was accompanied by an
increased expression of antioxidant enzymes such as CAT
and GSR (Figure 8(c)) that could lead to the ROS reduction
observed in EBV-infected monocytes (Figure 6(a)). SQSTM1
siRNA partially reversed NFE2L2 nuclear localization
(Figure 8(d)) as well as CAT and GSR upregulation
mediated by EBV (Figure 8(e)), highlighting the role of
SQSTM1 in activating the antioxidant response in virus-
infected monocytes. All together, these results indicate that
autophagy inhibition was involved in ROS reduction
through the accumulation of SQSTM1 and the activation
of the SQSTM1-KEAP1-NFE2L2 axis that upregulated the
anti-oxidant response.

Figure 4. The decrease of RAB7 and ATG5 and the activation of STAT3 correlate with EBV-mediated autophagy inhibition in differentiating monocytes. Differentiating
monocytes exposed or unexposed to EBV were cultured for 5 days with CSF2 and IL4 and analyzed by western blot for (a) RAB7 and (b) ATG5 and BECN1 expression
and (c) pSTAT3 (Tyr705), pSTAT3 (Ser727) and total STAT3 expression. ACTB was used as loading control. One representative experiment out of 3 is shown. The
histograms represent the mean plus S.D. of the densitometric analysis of the ratio of RAB7:ACTB, ATG5:ACTB, BECN1:ACTB, p-STAT3 (Tyr705): STAT3, p-STAT3 (Ser727):
STAT3 and total STAT3:ACTB of 3 different experiments. * P value < 0.05. (d) IL6 release, by EBV- and mock-infected monocytes as measured by ELISA. The histograms
represent the mean plus S.D. of more than 3 experiments * P value < 0.05 ^ alpha value < 0.05.

Figure 5. STAT3 silencing partially prevents EBV-mediated inhibition of DC
formation. Monocytes silenced for STAT3 with specific siRNA or scrambled
siRNA-treated (SCR) were exposed to EBV and cultured in the presence of the
differentiation cocktail for 3 days. (a) Western blot analysis of STAT3 and
SQSTM1 expression and (b) FACS profiles of CD14 and CD1A expression in
EBV-infected, scrambled siRNA-treated or STAT3-silenced cells. The mean of
fluorescence intensity is indicated. Solid grey peaks represent the isotype con-
trols. One representative experiment out of 3 is shown. For western blots ACTB
was used as loading control. One representative experiment out of 3 is shown.
The histograms represent the mean plus S.D. of the densitometric analysis of the
ratio of STAT3:ACTB and of SQSTM1:ACTB of 3 different experiments. * P value
< 0.05.
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Figure 6. EBV infection reduces the production intracellular of ROS that promotes monocyte differentiation and autophagy. (a) FACS analysis of ROS production by
differentiating monocytes exposed or unexposed to EBV and cultured with CSF2 and IL4 for 3 and 5 days, measured by DCFDA staining. The mean of fluorescence
intensity is indicated. Solid grey peaks represent the isotype controls. One representative experiment out of 3 is shown; (b) FACS analysis for CD14 and CD1A
expression of differentiating monocytes cultured for 5 days with CSF2 and IL4 in the presence or absence of the ROS scavenger NAC. The mean of fluorescence
intensity is indicated. Solid grey peaks represent the isotype controls. One representative experiment out of 3 is shown; (c) FACS analysis of ROS production by
differentiating monocytes in the presence or absence of NAC, measured by DCFDA staining. The mean of fluorescence intensity is indicated. Solid grey peaks
represent the isotype controls. One representative experiment out of 3 is shown; (d) western blot analysis of SQSTM1, BECN1, pSTAT3 (Tyr705) and total STAT3
expression of differentiating monocytes cultured with CSF2 and IL4 in the presence or absence of NAC. TUBA1A was used as loading control. One representative
experiment out of 3 is shown. The histograms represent the mean plus S.D. of the densitometric analysis of the ratio of SQSTM1:TUBA1A, BECN1:TUBA1A, p-STAT3
(Tyr705):STAT3 and STAT3: TUBA1A of 3 different experiments. * P value < 0.05.

Figure 7. ROS reduction by metformin prevents monocyte differentiation, while H2O2 rescues it in EBV-infected cells. (a) FACS analysis of ROS production by
differentiating monocytes exposed or unexposed to metformin (MET) and cultured with CSF2 and IL4 for 5 days, as measured by DCFDA staining. (b) FACS analysis
for CD14 and CD1A expression of differentiating monocytes cultured for 5 days with CSF2 and IL4 in the presence or absence of metformin (MET) (10 mM). (c) FACS
analysis for CD14 and CD1A expression of EBV-infected monocytes cultured for 5 days with CSF2 and IL4 in the presence or absence of H2O2 (200 mM). Solid grey
peaks represent the isotype controls. The mean of fluorescence intensity is indicated and one representative experiment out of 3 is shown.
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Autophagy inhibition reduces monocyte differentiation
while autophagy induction promotes the differentiation
process

To demonstrate that autophagy reduction could be responsi-
ble for the impairment of monocyte differentiation in this
setting, we performed silencing with ATG5 siRNA before
culturing monocytes in the presence of CSF2 and IL4. We
found that ATG5 silencing led to SQSTM1 accumulation
(Figure 9(a)), to the increase of GSR expression (Figure 9
(a)) and ROS decrease (Figure 9(b)) in comparison with the

scrambled RNA-treated control cells. Moreover, ATG5 silen-
cing resulted in increased STAT3 phosphorylation (Figure 9
(a)), suggesting a correlation between these effects, both
induced by EBV. Accordingly, the percentage of CD1A-posi-
tive cells decreased and CD14 increased in ATG5-silenced
cells (Figure 9(c)), confirming the important role of autop-
hagy in CSF2- and IL4-driven differentiation of monocytes, as
previously reported. We then knocked-down ATG5 in EBV-
infected monocytes and found that it synergized with the
virus, in reducing DC formation (Figure 9(d)) and inducing

Figure 8. SQSTM1 accumulation activates the SQSTM1-KEAP1-NFE2L2 axis that reduces ROS production in EBV-infected monocytes. Differentiating monocytes
exposed or unexposed to EBV and cultured for 5 days with CSF2 and IL4 were analyzed for (a) KEAP1 and NFE2L2 expression by western blot, (b) NFE2L2 localization
by IFA and (c) CAT and GSR expression by western blot. ACTB was used as loading control. One representative experiment out of 3 is shown. The histograms
represent the mean plus S.D. of the densitometric analysis of the ratio of KEAP1:ACTB, NFE2L2:ACTB, CAT:ACTB, GSR:ACTB of 3 different experiments. SQSTM1
staining is shown in red; bars: 10 mm. Differentiating monocytes exposed to EBV were silenced for siSQSTM1 with specific siRNA or scrambled siRNA and cultured for
5 days with CSF2 and IL4 before analysing (d) NFE2L2 localization by IFA and (e) SQSTM1, CAT and GSR expression by western blot. NFE2L2 staining is shown in red;
bars: 10 mm. ACTB was used as loading control. One representative experiment out of 3 is shown. The histograms represent the mean plus S.D. of the densitometric
analysis of the ratio of SQSTM1:ACTB, CAT:ACTB, GSR:ACTB of 3 different experiments. * P value < 0.05.
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Figure 9. Autophagy manipulation affects DC differentiation. Differentiating monocytes were silenced for ATG5 with specific siRNA or scrambled siRNA-treated,
cultured for 5 days with CSF2 and IL4 and analyzed by western blot analysis for (a) ATG5, SQSTM1, GSR, pSTAT3 (Tyr705) and total STAT3 expression (b) by FACS
analysis for ROS production by DCFDA staining and (c) CD14 and CD1A expression. The mean of fluorescence intensity is indicated. Solid grey peaks represent the
isotype controls. One representative experiment out of 3 is shown; TUBA1A was used as loading control. One representative experiment out of 3 is shown. The
histograms represent the mean plus S.D. of the densitometric analysis of the ratio of ATG5:TUBA1A, SQSTM1:TUBA1A, p-STAT3 (Tyr705):STAT3, STAT3:TUBA1A, GSR:
TUBA1A of 3 different experiments.* P value < 0.05; (d) EBV-infected differentiating monocytes silenced for ATG5 or scrambled siRNA-treated and cultured for 5 days
with CSF2 and IL4 were analyzed CD14 and CD1A expression by FACS analysis and (e) for ATG5 and SQSTM1 expression by western blot; EBV-infected monocytes
were differentiated for 5 days in the presence or in the absence of Rapamycin (Rapa) (50 nM) and analysed (f) for SQSTM1 expression by western blot and (g) for
CD14 and CD1A expression by FACS analysis. The mean of fluorescence intensity is indicated. Solid grey peaks represent the isotype controls. ACTB was used as
loading control. One representative experiment out of 3 is shown. The histograms represent the mean plus S.D. of the densitometric analysis of the ratio of ATG5:
ACTB and SQSTM1:ACTB, of 3 different experiments. * P value < 0.05.
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SQSTM1 accumulation (Figure9(e)). To confirm the role of
autophagy inhibition in the EBV-mediated impairment of DC
differentiation, we used rapamycin to rescue autophagy. As
shown in Figure 9(f), rapamycin reduced SQSTM1 expression
and counteracted the EBV-mediated inhibitory effect on the
differentiating process (Figure 9(g)).

EBV reduces mitochondrial biogenesis in monocytes,
contributing to the reduction of autophagy and DC
differentiation

Most of intracellular ROS are produced by mitochondria
mainly through the mitochondrial complex I and III [51]. It
has also been reported that active mitochondrial biogenesis
occurs during monocyte in vitro differentiation into DCs [34]
and that EBV lytic infection may reduce mitochondrial DNA
[52]. Interestingly, mitochondria supply energy [53] and
membranes essential for the autophagic process [33], thus
we hypothesize that the ROS and autophagy reduction
mediated by EBV could correlate with a reduction of mito-
chondrial pool in differentiating monocytes. By western blot
analysis, we found a strong reduction of the mitochondrial
protein CYCS (cytochrome C, somatic) expression in EBV-
infected cells (Figure 10A) that correlated with the down-
regulation of NRF1 (nuclear respiratory factor 1) and TFAM
(transcription factor A, mitochondrial) (Figure 10B). These
are transcription factors that play a pivotal role in mitochon-
drial biogenesis during monocyte differentiation [34]. Then
by using the specific mitochondrial dye MitoTracker Red, we
found that mitochondria were reduced in EBV-infected
monocytes in comparison to the mock-infected control cells

(Figure 10(c)) and that this effect could be partially reverted
by overexpressing TFAM in these cells (Figure 10(c)).
According to the mitochondria increase, TFAM overexpres-
sion partially rescued monocyte differentiation (Figure 10(d))
and autophagy (Figure 10(e)) impaired by EBV. All together,
these results suggest that the EBV may reduce the mitochon-
drial pool by counteracting the active mitochondrial biogen-
esis that promotes autophagy and monocytes differentiation.

Discussion

In previous and separate studies, it has been reported that
monocyte in vitro differentiation into DCs requires intracel-
lular ROS production [30] and autophagy [15], both induced
by CSF2 in combination with IL4. Although ROS production
and autophagy are strictly interconnected [47,54], the inter-
play between them during monocyte differentiation has not
been previously explored. This study shows that the inhibition
of autophagy, i.e. by ATG5 siRNA, decreased ROS, that the
decrease in ROS reduced autophagy, and that both ROS and
autophagy were required for DC formation. We found, for the
first time, that EBV was able to concomitantly reduce autop-
hagy and ROS and that these effects sustained each other
leading to the inhibition of monocyte differentiation
into DCs.

The reduction of ATG5 as a mechanism to reduce autop-
hagy in monocytes seems to be a common mechanism
among gammaherpesviruses, as we have previously shown
that also KSHV exploits this strategy in these cells [12]. As a
consequence of autophagy reduction, SQSTM1 accumulated
and the SQSTM1-KEAP1-NFE2L2 axis, was activated,

Figure 10. EBV reduces mitochondrial biogenesis in differentiating monocytes. Differentiating monocytes exposed or unexposed to EBV and cultured for 5 days with
CSF2 and IL4 were analyzed for (a) CYCS and (b) for NRF1 and TFAM expression by western blot. ACTB was used as a loading control. One representative experiment
out of 3 is shown. The histograms represent the mean plus S.D. of the densitometric analysis of the ratio of CYCS:ACTB, NRF1:ACTB and TFAM:ACTB of 3 different
experiments. * P value < 0.05. (c) The mitochondrial pool was evaluated by using MitoTracker Red dye in control and EBV-infected monocytes with or without TFAM
overexpression; bars: 10 mm; (d) CD14 and CD1A expression was evaluated by FACS analysis and (e) SQSTM1 expression in EBV-infected monocytes with or without
TFAM overexpression, was analysed by western blot. The mean of fluorescence intensity is indicated. Solid grey peaks represent the isotype controls. The histograms
represent the mean plus S.D. of the densitometric analysis of the ratio of SQSTM1:ACTB of 3 different experiments. * P value < 0.05.
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leading to the upregulation of the antioxidant response that
decreased ROS and further inhibited autophagy.
NFE2L2 has been reported to be dysregulated by KSHV in
de novo infected human dermal microvascular endothelial
cells (HMVEC-d) [55], in endothelial cells [50] or in natu-
rally infected lymphoma cells [56] In all these cases,
NFE2L2 activation promoted viral infection and cell survi-
val. In this study we found that NFE2L2 activation by EBV,
as a consequence of autophagy reduction, contributed to the
impairment of monocyte differentiation by reducing ROS.
Thus, targeting NFE2L2 could represent a promising strat-
egy to both reduce gammaherpesvirus-harboring cancer cell
survival and counteract virus-mediated inhibition of DC
formation.

NFE2L2 activation may represent an additional conse-
quence of autophagy inhibition that also leads to the reduc-
tion of the viral clearance and viral antigen presentation, for
which autophagy is required [16]. Therefore, by interfering
with the autophagic process, viruses may inhibit multiple
aspects of the anti-viral immune response. As another
important finding, this study indicates that EBV reduced
mitochondria in differentiating monocytes. Besides being
involved in the direct intracellular microbial killing [57],
mitochondria represent the main source of intracellular
ROS and play an important role in autophagy execution
by supplying ATP and membranes required for autophago-
some formation [32,33]. Mitochondria reduction mediated
by EBV was due to the downregulation of NRF1 and TFAM,
transcription factors that promote mitochondrial biogenesis
and are upregulated during DC in vitro formation [34,58].
NRF1 reduction occurred in contrast to NFE2L2 increase
and, interestingly, a balance between NRF1 and NFE2L2
seems to regulate the oxidative stress [59]. A previous report
has shown that EBV lytic infection interferes with mito-
chondrial DNA replication [52] and, interestingly this
study indicated that EBV can establish a lytic infection in
primary monocytes. Viral lytic infection correlates also with
RAB7 downregulation [37,39], that we also observed in
EBV-infected monocytes. To further inhibit autophagy,
EBV activates STAT3, a pathway involved in immune dys-
function [9,60,61] that negatively regulates autophagy by
upregulating BCL2-family proteins that inhibit BECN1, as
previously shown in KSHV-infected DCs [16]. STAT3 could
be activated by the expression of EBV-encoded proteins [62]
or be mediated by cytokines such as IL6 [63], whose release
is increased by EBV-infection [63,64].

Of note, IL6 could act in a paracrine fashion, mediating the
activation of STAT3 in bystander cells, extending autophagy
inhibition to these cells, as in the case of KSHV and HIV
infection [11,65]. We found that EBV phosphorylated STAT3
at both Tyr 705 and Ser 727 residues. The latter can be directly
activated by EBV LMP1 (latent membrane protein 1) [62] and,
besides leading to a complete STAT3 activation [66], it seems to
be essential for its localization to mitochondria [67] where
opposite to TFAM, negatively regulates the expression of mito-
chondrial encoded genes [68]. However, the role of mitochon-
drial localization of Ser727 of STAT3 is still under
investigation, as it seems to be different depending on the cell
types [69]. Indeed, in Ras-transformed cells, it has been

reported that sustains mitochondrial function and promotes
cell survival [70]. The opposite role of STAT3 Ser727 phos-
phorylation reported in cancer cells versus immune cells could
correlate with the activating or inhibiting effect that STAT3
plays in these cell types [71]. Interestingly, as Ser727 phosphor-
ylation of STAT3 has been also observed in the EBV-associated
cancer cells [62], it would be interesting to evaluate whether it
could localize to mitochondria and promote mitochondrial
function or biogenesis in these cells, differently from what we
observed in EBV-infected monocytes.

In conclusion, this study shows that EBV adopts several
interconnected strategies to hamper the formation of DCs,
playing a pivotal role in the immune response. Among these
strategies, EBV reduces autophagy, decreases intracellular
ROS and counteracts mitochondrial biogenesis in differentiat-
ing monocytes (Figure 11). In agreement with these in vitro
results, it has been reported that EBV reduces the number of
DCs in the course of acute infection [72]. Unveiling the
mechanisms through which the virus reduces the immune
surveillance may help to counteract such effect and prevent
or better cure the EBV-associated malignancies.

Materials and methods

Immature DC generation

Human peripheral blood mononuclear cells (PBMCs) from
buffy coats of healthy donors were isolated by Lympholyte cell
separation medium (Cedarlane, CL5020). Briefly, 30 ml of
diluted buffy coat was layered over 15 ml of Lympholyte cell
separation medium and gradients were centrifuged at 800 × g
for 30 min at room temperature in a swinging-bucket rotor
without the brake applied. The PBMC interface was carefully
removed by pipetting and washed 3 times with phosphate-
buffered saline (PBS; Corning 21–031-CVR)-EDTA 1X by
centrifugation at 600 × g for 10 min.

Monocytes were isolated from PBMCs by immunomag-
netic cell separation using anti-CD14-conjugated microbeads
according to the manufacturer’s instructions (Miltenyi Biotec,
1300–50-201). Purity of population was checked by FACS
analysis (fluorescence-activated cell sorting). To induce the

Figure 11. Schematic model depicting the molecules involved in the EBV-
mediated impairment of monocyte differentiation into DCs.
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differentiation of immature DCs (iDCs), purified monocytes
(approximately 95% CD14+) were cultured at a density of
2 × 106 cells/ml in 12-well plates for 3, 5 and 7 days in
RPMI 1640 (Euroclone, ECB9006L) containing 10% FCS,
2 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml
streptomycin (complete medium) with the addition of recom-
binant human CSF2 (colony stimulating factor 2) (50 ng/mL;
Miltenyi Biotec, 130–093-865) and IL4 (interleukin 4) (20 ng/
mL; Miltenyi Biotec, 130–095-373) every 2 days.

EBV production and monocyte infection

5 x 105 293/EBV-WT cells, carrying recombinant B95-8 gen-
ome containing the gene encoding for the green fluorescent
protein (GFP), were plated into 6-wells and cultured in RPMI
supplemented with 10% FBS and 2 mM L-glutamine for 24 h.
Then, cells were transiently transfected with p509-BZLF1
(constitutively expressing the BZLF1/ZEBRA protein) (0.5
μg/well) and pRA-BALF4 (0.5 μg/well) (constitutively expres-
sing the gp110 protein) plasmids (kindly provided by Prof. H.
J. Delecluse and Prof. R. Feederle, (German Cancer Research
Centre (DKFZ), Unit F100, 69,120 Heidelberg, Germany,
Inserm unit U1074, DKFZ, 69,120 Heidelberg, Germany)
and with lipid micelles (3 μl:1 μg plasmid DNA)
(Metafectene, Biotex; T020). Three days later, supernatant-
containing virus was filtered at 0.45 μm and viral titer was
determined by Raji infection. Briefly, 104 Raji cells (Burkitt
lymphoma cells) were infected with serial dilutions of virus
stock in 96-well plates and analyzed for GFP expression after
3 days by UV microscopy. The number of green Raji units/ml
was calculated as a measurement of the concentration of
infectious particles in virus stocks [36].

1 × 107 monocytes were infected with EBV-WT at a multi-
plicity of infection (MOI) of 10 or 20 genome equivalents/cells
for 1 h at 37°C. Infected monocytes were then cultured with
the above-mentioned supplements to induce differentiation
into iDCs. EBV-UV inactivation was carried out at 1500 mJ
in a cross-linker for 10 min (Spectrolinker XL-1500 UV cross-
linker). In some experiments, 50 nM Rapamycin (Sigma
Aldrich) or 200 μM H2O2 (Sigma Aldrich) was added after
EBV infection.

Cell lines

The B95.8 Marmoset EBV-transformed B lymphoblastoid cell
line was used as positive control for the presence of EBV
genome or for EBV lytic antigen expression. The BJAB
EBV-negative B cell line was used as negative control.

DNA-polymerase chain reaction (PCR) and monocyte
reinfection with EBV released by infected monocytes

Monocytes (1 × 107) were infected with EBV contained in the
supernatant of 5-day-infected monocytes. After 3 and 5 days,
genomic DNA was extracted and EBV DNA amplified by PCR
using specific primers for the BFRF1 gene (FW 5ʹ-
TATAGAATTCATGGCGAGCCCGGAAGAGA-3ʹ and Rev.
5ʹTAGCAAGCTTGTCAGGTCCACCTCAGAAACATCA-3ʹ).
The amplified PCR product was generated after 30 cycles: 95°C

for 45 s, 55°C for 45 s, and 72°C for 1 min in a Mastercycler pro
(6,324,000,010, Eppendorf Italia) and run in a 2% agarose gel.

Indirect immunofluorescence assay (IFA)

After 5 days of culture with CSF2 and IL4, uninfected or EBV-
infected cells were washed with phosphate-buffered saline
(PBS; Corning 21–031-CVR), applied onto multispot micro-
scope slides (Thermo Scientific, 2320) and air-dried. Cells
were then fixed with 2% paraformaldehyde (Electron
Microscopy Science, 157–8) for 20 min, washed 3 times in
PBS, permeabilized with 0.2% Triton X-100 (SIGMA,
T-8787)-PBS for 5 min at room temperature (RT) and incu-
bated with 3% bovine serum albumin (BSA)-1% glycine-PBS
for 30 min at RT. Then, cells were incubated with a primary
monoclonal antibody against either SQSTM1 (1:100; BD
Biosciences; 610,832) or NFE2L2/NRF2 (1:50; Santa Cruz
Biotechnology, sc-365,949) for 1 h at RT. Slides were then
washed 3 times with PBS and cells were further incubated
with a CyTM3-conjugated sheep-anti-mouse secondary anti-
body (1:1000; Jackson Imm. Res.; 515–165-062) for 30 min at
RT. After a further 3 washes in PBS, cells were stained with
DAPI (4ʹ,6ʹ-diamidino-2-phenylindole) (1 μg/ml; SIGMA;
D9542) for 1 min at RT. Finally, slides were washed in PBS,
mounted with glycerol:PBS (1:1) and observed by fluorescence
microscopy using Apotome Axio Observer Z1 inverted micro-
scope (Zeiss, Oberkochen, Germany), equipped with an
AxioCam MRM Rev.3 at 40 x magnification.

To visualize CD14, CD1A and EBV gp350/220 membrane
proteins, approximately 106 cells were washed with ice-cold
PBS, pelleted and resuspended in appropriately diluted mono-
clonal antibodies: anti-CD14 (1:100; Miltenyi Biotec,
130–080-701), anti-CD1A (1:100; BD Pharmingen, 555,807)
and anti-gp350/220 (72A1, 1:500;Millipore, MAB10219).
Then cells were incubated for 30 min on ice. After being
washed 3 times with ice-cold PBS, cells were incubated with
a CyTM3-conjugated sheep-anti-mouse secondary antibody
for 30 min on ice. Finally, cells were washed 3 times with
ice-cold PBS, resuspended in glycerol:PBS (1:1), spotted onto
a microscope slide and observed by fluorescence microscopy
using Apotome Axio Observer Z1 inverted microscope (Zeiss,
Oberkochen, Germany), equipped with an AxioCam MRM
Rev.3 at 40 x magnification.

Antibodies for western blotting

The following primary antibodies were used in western
blotting analysis: mouse monoclonal anti-EA-D (1:1000;
Millipore, MAB8186), rabbit polyclonal anti-PARP1
(1:500; Cell Signaling Technology, 9542), rabbit polyclonal
anti-LC3B (1:1000; Novus Biologicals, NB100-2220SS),
mouse monoclonal anti-SQSTM1 (1:500; BD Transduction
Laboratories, 610,883), rabbit polyclonal anti-ATG5 (1:500;
Cell Signaling Technology, 2630), rabbit polyclonal anti-
RAB7 (1:100; Santa Cruz Biotechnology, sc-10,767; no
longer available), rabbit polyclonal anti-BECN1 (1:500;
Cell Signaling Technology, 3738), mouse monoclonal anti-
STAT3 (1:1000; BD Transduction Laboratories, 610,189),
mouse monoclonal anti-phospho-STAT3 (p-Tyr705, 1:100;
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Santa Cruz Biotechnology Inc., sc-8059), mouse monoclo-
nal anti-phospho-STAT3 (p-Ser727, 1:50; BD Transduction
Laboratories, 612,543), mouse monoclonal anti-KEAP1
(1:100; Santa Cruz Biotechnology, sc-365,626), mouse
monoclonal anti-NFE2L2/NRF2 (1:100; Santa Cruz
Biotechnology, sc-81,342), mouse monoclonal anti-GSR
(glutathione reductase) (1:100; Santa Cruz Biotechnology,
sc-133,245), mouse monoclonal anti-CAT (catalase) (1:100;
Santa Cruz Biotechnology, sc-271,803), mouse monoclonal
anti-NRF1 (1:100; Santa Cruz Biotechnology, sc-28,379),
mouse monoclonal anti-TFAM (1:100; Santa Cruz
Biotechnology, sc-166,965). Monoclonal mouse anti-
TUBA1A (1:1000; Sigma Aldrich, T6199) and anti-ACTB
(1:10,000; Sigma Aldrich, A5441) were used as loading
controls. Goat polyclonal anti-mouse IgG-HRP (Santa
Cruz Biotechnology, sc-2005) and anti-rabbit IgG-HRP
(Santa Cruz Biotechnology, sc-2004) were used as second-
ary antibodies. All the primary and secondary antibodies
were diluted in PBS-0.1% Tween 20 (Sigma Aldrich, P1379)
solution containing 3% BSA (Serva, 11,943.03).

Western blot analysis

After 5 days of culture with CSF2 and IL4, 1 × 106 unin-
fected or EBV-infected cells were washed twice with 1X
PBS and centrifuged at 550 g for 5 min. The cellular pellet
was lysed in a 1X RIPA buffer containing 150 mM NaCl,
1% NP-40 (Sigma Aldrich, NP40S), 50 mM Tris-HCl, pH
8, 0.5% deoxycholic acid (Sigma Aldrich, D6750), 0.1%
SDS (Sigma Aldrich, 71,736), protease (Sigma Aldrich,
S8830) and phosphatase inhibitors (sodium orthovanadate;
Sigma Aldrich, S6508 and sodium fluoride; Sigma Aldrich,
S7920). Then, 10 µg of protein lysates were subjected to
electrophoresis on 4–12% NuPage Bis-Tris gels (Life
Technologies, N00322BOX) according to the manufac-
turer’s instruction. The gels were transferred to nitrocel-
lulose membranes (Bio-Rad, 162–0115) for 2 h in Tris-
glycine buffer. Membranes were blocked in PBS-0.1%
Tween 20 solution containing 3% BSA, probed with spe-
cific antibodies and developed using ECL Blotting
Substrate (Advansta, K-12,045-D20).

Cell viability

After 5 days of culture, a trypan blue (Euroclone, 72,571)
exclusion assay was performed to test cell viability. Live cells
were counted by light microscopy using a Neubauer hemo-
cytometer. The experiments were performed in triplicate and
repeated 3 times.

ANXA5 staning was also performed using the Annexin
V-FITC Apoptosis Detection Kit (PharMingen, 556,547).
After treatments, cells were washed and incubated with 5 μL
of AV-FITC and 5 μL of propidium iodide (PI) for 15 min at
room temperature in the dark, followed by addition of 400 μL
of 1× binding buffer. Samples were analyzed with a
FACSCalibur flow cytometer, using CELLQuest software
(BD Biosciences, San Jose, USA).

Immunofluorescence and FACS analysis

For immunofluorescence, uninfected or EBV-infected cells,
cultured with CSF2 and IL4 for 5 days, were washed with
0.5 % BSA-PBS and incubated for 30 min at 4°C with appro-
priate isotype control antibody (Miltenyi Biotec, 130–092-
212) or antibodies against CD1A (BD Pharmingen, 555,807)
and CD14 (Miltenyi Biotec, 130091242) CD83 (Miltenyi
Biotec, 130–094-181) HLA_DR (Santa Cruz Biotechnology,
sc-33,718) and CD86 (Miltenyi Biotec, 130–094-877). Cells
were analyzed with a FACSCalibur flow cytometer, using
CELLQuest software (BD Biosciences, San Jose, USA). DCs
were gated according to their FSC and SSC properties. At least
10 × 103 events were acquired for each sample.

Fitc-dextran uptake

After 5 days of culture with CSF2 and IL4, EBV-infected or
uninfected cells, were washed and incubated for 60 min with
1 mg/ml FITC-dextran (molecular weight 40,000; Sigma,
FD40S). Half of the cells was incubated at 37°C while the
other half was incubated at 4°C to assess the background
uptake. The cells were then washed and analyzed with a
FACScalibur flow cytometer (BD, USA), using CELLQuest
software (BD Biosciences, San Jose, USA). DCs were gated
according to their FSC and SSC properties. For each analysis
10.000 events were recorded.

Maturation of IDC

To induce cell maturation, uninfected or EBV-infected cells,
cultured with CSF2 and IL4 for 5 days, were incubated for
24 hrs with Lipopolysaccharide (LPS, 100 ng/ml; Sigma-
Aldrich, L2630).

Knockdown by small interfering RNA (sirna)

ATG5, SQSTM1 and STAT3 knockdown were performed by
specific siRNA transfection (Santa Cruz Biotechnology, sc-
41,445, sc-29,679, sc-29,423) into purified monocytes using
Lipofectamine 2000 (Invitrogen, 11,668,027) according to the
manufacturer’s instructions. Briefly, the day of transfection,
monocytes were seeded into 6-well plates at a density of a
3 × 106 cells/well in 1.25ml of RPMI medium without anti-
biotics. Next, 30 pmol of siRNA combined with 10 μl of
Lipofectamine 2000 were added to the cells. Transfection
reactions were performed in serum-free OptiMEM medium
(Life Technologies, 31,985,062). Control siRNA-A (Santa
Cruz Biotechnology, sc-37,007) was used as a scrambled con-
trol. Sixteen h after transfection, monocytes were infected at
an MOI of 10 genome equivalents/cell, seeded into 12-well
plates at a density of 5 × 106 cells/well for 1 h at 37°C and
then cultured for an additional 72 h, in complete medium
supplemented with CSF2 (50 ng/mL; Miltenyi Biotec,
130–093-865) and IL4 (20 ng/mL; Miltenyi Biotec,
130–095-373).
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TFAM overexpression

5x106 purified monocytes were plated in 1.25 ml of complete
medium without antibiotics in 6-well plates and transfected
with 7 mg of a plasmid containing the TFAM encoding gene
(OriGene, RC215488) by using 12 µl of Lipofectamine 2000
reagent diluted in serum-free medium, following manufac-
turer’s instructions. Sixteen h after transfection, monocytes
were infected at a multiplicity of infection (MOI) of 10 gen-
ome equivalents/cell, seeded into 12-well plates at a density of
5 × 106 cells/well for 1 h at 37°C and then cultured for an
additional 72 h, in complete medium supplemented with
CSF2 (50 ng/mL; Miltenyi Biotec, 130–093-865) and IL4
(20 ng/mL; Miltenyi Biotec, 130–095-373).

ELISA assay

After 5 days of culture with CSF2 and IL4, supernatants from
uninfected or EBV-infected cells were collected and an ELISA
assay was performed using commercially available reagents and
standards (IL6; RayBiotech, ELH-IL6). The supernatants were
added in duplicate to appropriate precoated plates. The optical
density was measured at 450 nm with a microplate reader
(Multiskan Ex,Thermo Fisher Scientific, USA). The minimum
detection treshold concentration is typically less than 1 pg/ml.

Measurement of intracellular reactive oxygen species
production

To measure reactive oxygen species (ROS) production, the
2′,7′-dichlorofluorescein diacetate (DCFDA; Sigma D6883)
was used. Briefly, 5 × 105 EBV-infected or uninfected
CD14+ cells cultured with CSF2 and IL4 for 3 and 5 days,
were washed with prewarmed PBS and then incubated at 37°C
with 10 µM DCFDA for 15 min in PBS. Then, cells were
washed and analyzed with a FACScalibur flow cytometer (BD,
USA), using CELLQuest software (BD Biosciences, San Jose,
CA, USA) and live cells gated according to their forward
scatter (FSC) and side scatter (SSC) properties. For each
analysis, 10,000 events were recorded.

Mitotracker red staining

After 5 days of culture with CSF2 and IL4, uninfected or EBV-
infected cells transfected or untransfected with TFAM-expres-
sing plasmid were incubated with the cell permeable probe for
mitochondrial labelling MitoTracker Red CMXRos dye
(200 nM) (Cell Signaling Technology, 9082), on ice for
15 min and washed with cold 1X PBS by centrifugation at
550 g for 10 min. To evaluate mitochondria, cells were ana-
lysed by an Apotome Axio Observer Z1 inverted microscope
(Zeiss, Oberkochen, Germany), equipped with an AxioCam
MRM Rev.3 camera at 40 X magnification.

Densitometric analysis

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

Statistical analysis

Data are represented by the mean ± standard deviation (SD)
of at least 3 independent experiments and a two-tailed
Student t test was used to demonstrate statistical significance.
Difference was considered statistically significant when the P
value was at least < 0.05. In some experiments, data were
confirmed to be significant with the Mann-Whitney test,
with alpha value 0.05.
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