
RESEARCH PAPER

Human monocyte-derived macrophages inhibit HCMV spread independent of
classical antiviral cytokines
Jennifer Beckera, Volker Kinasta, Marius Döringa, Christoph Lippsb, Veronica Durana, Julia Spaniera,
Pia-Katharina Tegtmeyera, Dagmar Wirthb, Luka Cicin-Sainc,d,e, Antonio Alcamíf, and Ulrich Kalinkea

aInstitute for Experimental Infection Research, TWINCORE, Centre for Experimental and Clinical Infection Research, a joint venture between
the Helmholtz Centre for Infection Research and the Hannover Medical School, Hannover, Germany; bModel Systems for Infection and
Immunity, Helmholtz Centre for Infection Research, Braunschweig, Germany; cDepartment of Vaccinology, Helmholtz Centre for Infection
Research, Braunschweig, Germany; dGerman Center for Infection Research (DZIF), Hannover-Braunschweig site, Germany; eInstitute for
Virology, Hannover Medical School, Hannover, Germany; fCentro de Biología Molecular Severo Ochoa, Consejo Superior de Investigaciones
Científicas - Universidad Autónoma de Madrid, Madrid, Spain

ABSTRACT
Infection of healthy individuals with human cytomegalovirus (HCMV) is usually unnoticed and
results in life-long latency, whereas HCMV reactivation as well as infection of newborns or
immunocompromised patients can cause life-threatening disease. To better understand HCMV
pathogenesis we studied mechanisms that restrict HCMV spread. We discovered that HCMV-
infected cells can directly trigger plasmacytoid dendritic cells (pDC) to mount antiviral type I
interferon (IFN-I) responses, even in the absence of cell-free virus. In contrast, monocyte-derived
cells only expressed IFN-I when stimulated by cell-free HCMV, or upon encounter of HCMV-
infected cells that already produced cell-free virus. Nevertheless, also in the absence of cell-free
virus, i.e., upon co-culture of infected epithelial/endothelial cells and monocyte-derived macro-
phages (moMΦ) or dendritic cells (moDC), antiviral responses were induced that limited HCMV
spread. The induction of this antiviral effect was dependent on cell-cell contact, whereas cell-free
supernatants from co-culture experiments also inhibited virus spread, implying that soluble
factors were critically needed. Interestingly, the antiviral effect was independent of IFN-γ, TNF-α,
and IFN-I as indicated by cytokine inhibition experiments using neutralizing antibodies or the
vaccinia virus-derived soluble IFN-I binding protein B18R, which traps human IFN-α and IFN-β. In
conclusion, our results indicate that human macrophages and dendritic cells can limit HCMV
spread by IFN-I dependent as well as independent mechanisms, whereas the latter ones might be
particularly relevant for the restriction of HCMV transmission via cell-to-cell spread.
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Introduction

Currently, 60–100% of people in developed and developing
countries are latently infectedwith human cytomegalovirus
(HCMV) [1]. Nevertheless, most people are ill-informed
about risks associated with HCMV infections. This is
mainly due to the fact that in immunocompetent hosts
HCMV infection is asymptomatic. However, HCMV reac-
tivation or infection of immunocompromised individuals,
such as organ transplant patients, HIV infected patients, or
infants, can cause severe morbidity and mortality [1].
Importantly, HCMV is the leading cause for congenital
infection related disabilities and abortions in newborns
[2,3]. Furthermore, recent studies suggest that the constant

immune stimulus provided by latent HCMV infection and
reactivation may contribute to immunosenescence [4].
Thus, there is a clinical need to prevent HCMV infection;
however, to date no effective HCMV vaccine is available.
One major reason for this is that upon HCMV infection of
the host amassive immune response is induced, which does
not eliminate the virus, but instead drives the virus into
latency. This is conferred by various HCMV encoded
immune evasion mechanisms, which the virus developed
during hundreds of thousands of years of coevolution with
humanity [5,6]. This coevolution is also the reason why
cytomegalovirus (CMV) shows high species-specificity, i.e.,
HCMV infects only humans and not rodents. Thus,
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HCMV infection experiments cannot be performed in
mice, and instead murine cytomegalovirus (MCMV) is
used to study in vivo pathogenesis of CMV. However,
there are major differences between HCMV and MCMV,
especially regarding their interactions with the immune
system [5,7]. Thus, the knowledge about the pathogenicity
of HCMV is still limited. Therefore, it is of particular
relevance to study the interactions of HCMV with the
human immune system.

Previous studies in the human and murine model
revealed that type I interferons (IFN-I) play an essential
role in the protection against CMV infection [8–11]. IFN-I
not only induce an antiviral state upon triggering of the
IFN-I receptor (IFNAR), which is expressed on every
nucleated cell of the body, but they also activate and reg-
ulate adaptive immune responses [12,13].Upon virus infec-
tion mainly myeloid cells, such as plasmacytoid dendritic
cells (pDC) and classical dendritic cells (DC) or macro-
phages (MΦ), are known to produce IFN-I [14]. Previously
we showed that HCMV stimulated pDC as well as mono-
cyte-derived DC and MΦ mount strong IFN-I responses,
which are induced by sensing of HCMV in a Toll-like
receptor 9- or cyclic GMP/AMP synthase (cGAS)-depen-
dent manner, respectively [15]. Interestingly, the magni-
tude of cGAS activation, as determined by intracellular
concentrations of the second messenger cGAMP [16], cor-
related with the extent of HCMV infection of the respective
cell subset [15]. This indicates that infection of monocyte-
derived cells is a prerequisite to trigger cytosolic cGAS and
thus to induce IFN-I responses. Myeloid cells are natural
targets of HCMV infection [17,18]. However, they consti-
tute only aminor fraction of the wide repertoire of different
cell types that are infected byHCMV, including fibroblasts,
muscle cells, hepatocytes, neurons, epithelial, and endothe-
lial cells [18,19]. Moreover, myeloid cells presumably are
not the first cell type that is infected uponHCMVentry into
the host, as the virus has to cross epithelial/mucosal surfaces
in order to enter the body.Mouse experiments showed that
upon intravenous infection endothelial cells are initial tar-
gets of CMV, from where the virus further spreads into
organs [20]. In cell culture HCMV has a long replication
cycle of approximately 3 d [21,22]. Thus, during the first
hours to days of HCMV infection myeloid cells might not
be infected, although the virus is already present in the
body. Therefore, it seems likely that innate immune cells
developedmeans to detect and fight viruses that are present
within infected cells. Indeed, there are several examples in
the literature that pDC are stimulated by infected cells to
mount IFN-I responses [23–25], and that such responses
are sometimes even stronger than upon direct stimulation
by cell-free virus [26]. Moreover, uponMCMV infection of
mice an initial wave of IFN-I expression was detected
already 4 h post infection that was followed by an even

higher IFN-I wave after 36 h [27]. These results indicate
that there are early detection and protectionmechanisms in
place. Furthermore, a murine in vitro study showed that
bone marrow derived DC are able to efficiently reduce
MCMV replication upon co-culture with infected endothe-
lial cells or fibroblasts in an IFN-I dependent manner [28].

Here, we show that also human monocyte-derived
macrophages and dendritic cells are able to successfully
reduce HCMV spread when co-cultured with HCMV-
infected epithelial or endothelial cells. Interestingly, under
such conditions protection is conferred in an IFN-γ, TNF-
α, and IFN-I independent manner.

Results

Upon co-culture with HCMV-infected cells pDC, but
not monocyte-derived cells, mount abundant IFN-α
responses

As reported previously by us and others [15,29–34], direct
HCMV stimulation of pDC as well as monocyte-derived
DC, GM-CSF MΦ, and M-CSF MΦ induced abundant
IFN-α expression (Figure 1(a)) and secretion of IFN-α
24 hours post infection (hpi) (Figure 1(b)). To study
whether also contact with HCMV-infected cells induced
antiviral IFN-I responses, retinal pigment epithelial cells
(RPE cells), which are permissive for HCMV replication
[35,36], were used. RPE cells were infected with similar
amounts of HCMV as used for direct infection of myeloid
cells, washed to remove cell-free virus, and then co-cultured
with the different myeloid cell subsets at a 1:4 ratio.
Interestingly, under such conditions only pDC mounted
high IFN-α responses, whereas the monocyte-derived cell
subsets showed very little or no IFN-α expression 24 hpi
(Figure 1(a,b)).

Presumably monocyte-derived cells are dependent on
HCMV infection in order to activate cGAS and thus to
mount IFN-α responses [15]. Therefore, we hypothesized
that the lack of IFN-α responses by monocyte-derived cells
stimulated with HCMV-infected cells might be due to the
lack of cell-free virus particles that would infect myeloid
cells. To test this, we prolonged the incubation time of co-
cultures until 4 d post infection (dpi) and thus allowed the
release of newly formed virus particles from HCMV-
infected RPE cells, which is normally detected after 3 d of
incubation [21,22]. We infected RPE cells, washed them,
and directly incubated themwithM-CSFMΦ for 4 d (d0-4
co-cultures, Figure 1(c)). Additionally, we infected RPE
cells, washed them, incubated them for 3 d, and then
added the M-CSF MΦ and incubated for another day
(d3-4 co-cultures, Figure 1(c)). Interestingly, although
cell-free virus was present in all cultures on 4 dpi
(Figure 1(g)), in d0-4 co-cultures no IFN-α producing
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Figure 1. Co-culture of myeloid cells with HCMV-infected RPE cells induces enhanced IFN-α responses by pDC, but not by monocyte-
derived cells.

pDC, moDC, GM-CSF MΦ (GM-MΦ), or M-CSF MΦ (M-MΦ) were directly infected with HCMV-GFP at MOI 3. Furthermore, RPE cells were infected
with HCMV at MOI 12, washed to remove cell-free virus, and co-cultured with myeloid cell subsets at a 1:4 ratio for 24 h and (a) percentages of
intracellular IFN-α+ myeloid cells or (b) the IFN-α content in cell-free supernatants was determined by flow cytometry or an ELISA method,
respectively. (c) RPE cells were infected with HCMV-GFP (MOI 12), washed, and co-cultured with M-CSF MΦ either from day (d) 0–4 post infection
or from d 3–4 post infection and (d) percentages of intracellular IFN-α+ M-CSF MΦ, (e) HCMV-GFP+ M-CSF MΦ, (f) HCMV-GFP+ RPE cells, or (g)
infectious HCMV particles in the supernatant of such cultures were determined. Mean ± SEM of (a) 4–8, (b) 3–4, or (d-g) 4 different donors from
2–4 independent experiments. inf. = infected, ns = not significant, *: p ≤ 0.05, **: p ≤ 0.01 (one-tailed Mann-Whitney test).
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M-CSFMΦ (Figure 1(d)) and basically noHCMV-infected
M-CSF MΦ (Figure 1(e)) were detected. Moreover, the
percentage of HCMV-infected RPE cells (Figure 1(f)) as
well as the number of released virus particles (Figure 1(g))
was lower in d0-4 co-cultures than inHCMV-infected RPE
mono-cultures. In contrast, d3-4 co-cultures contained
IFN-α producing (Figure 1(d)) and HCMV-infected
M-CSF MΦ (Figure 1(e)). Also the percentage of HCMV-
infected RPE cells (Figure 1(f)) as well as the release of
infectious virus particles (Figure 1(g)) was substantially
increased in d3-4 co-cultures when compared with d0-4
co-cultures. Taken together, these data showed that, in
contrast to pDC, monocyte-derived cells did not mount
abundant IFN-α responses when co-cultured with HCMV-
infected RPE cells in the absence of cell-free virus.
Interestingly, after 4 d of co-culturing M-CSF MΦ and
HCMV-infected RPE cells, cell-free virus was produced;
however at highly reduced titers compared with RPE
mono-cultures. Nevertheless, if cell-free virus was present
at the time of co-culture establishment, i.e., d3-4 co-cul-
tures, monocyte-derived cells got infected and mounted
IFN-α responses.

Co-culture with monocyte-derived cells inhibits
viral spread in HCMV-infected cells

To further test whether co-culture with monocyte-derived
cells inhibited virus growth, we monitored plaque forma-
tion upon co-culture of moDC, GM-CSFMΦ, andM-CSF
MΦ with HCMV-infected RPE cells during 10 d. RPE cells
were infected with HCMV at MOI 0.1, washed to remove
cell-free virus, and co-cultured with myeloid cells at a 1:4
ratio. As the virus expressed a GFP reporter under the
control of the major immediate early promotor, GFP
expression was analyzed by fluorescence microscopy as a
measure of HCMV infection. 10 dpi HCMV-infected RPE
cells showed HCMV plaques as well as several single
HCMV-infected cells in close proximity of the plaques
(Figure 2(a)). In contrast, upon co-culture of moDC, GM-
CSFMΦ, or M-CSFMΦwith infected RPE cells the size of
the HCMV plaques was significantly reduced and basically
no single infected cells were detected (Figure 2(a)).
Determination of the plaque size over time revealed that
until 6 dpi the plaque size developed similarly in all cultures,
whereas at later time points HCMV plaques were signifi-
cantly smaller in co-cultures withmyeloid cells than in RPE
mono-cultures (Figure 2(b)). To studywhether the reduced
HCMV spread in the presence of myeloid cells was
mediated by IFN-I, supernatants of co-cultures were ana-
lyzed for their IFN-α content. Surprisingly, IFN-α concen-
trations were only barely above the detection limit in all
supernatants analyzed (Figure 2(c)), indicating that protec-
tion against HCMV was achieved independent of IFN-α.

Moreover, we confirmed that the protection against
HCMVwas not limited to co-cultures of RPE and myeloid
cells, as also HCMV infection of human umbilical vein
endothelial cells (HUVEC) was significantly reduced
upon co-culture with M-CSF MΦ (Figure 2(d,e)). Of
note, the HCMV reporter virus that was used in the experi-
ments above lacked several viral genes, including genes
encoding the immune evasion molecules US2-US6, which
were lost during the generation of a BAC clone of the virus
strain TB40/E [22]. Importantly, also the repaired HCMV
variant RV-HCMV, in which the lost viral genes were
reconstituted [37], showed reduced spread in infected
RPE cells upon co-culture with M-CSF MΦ (Figure 2(f)),
although the effect was not as pronounced as in experi-
ments with theHCMVvariant lacking the immune evasion
genes. Moreover, also RV-HCMV titers in the culture
supernatant weremore than 70% decreased in the presence
of M-CSF MΦ (Figure 2(g)), indicating that the reconsti-
tuted immune evasion molecules did not inhibit the anti-
viral effect in co-cultures. Collectively, these data showed
that co-culture of monocyte-derived cells with infected
epithelial and endothelial cells inhibited HCMV spread
independent of IFN-α.

Protection against HCMV requires close contact
between macrophages and infected epithelial cells

We next aimed to understand whether direct cell-cell
contact between myeloid cells and infected cells was
needed to induce the antiviral effect. Therefore, M-CSF
MΦ were physically separated from HCMV-infected RPE
cells by using a transwell system with pore sizes of 0.4 µm
or 1.0 µm to allow passage of soluble factors as well as of
virus particles, but not of cells. Upon direct co-culture of
HCMV-infected RPE cells and M-CSF MΦ at a 1:4 or 1:2
ratio, HCMV plaque size, percentage of HCMV-infected
cells, and the release of cell-free virus was significantly
reduced (Figure 3(a-d) and Sup. Figure 1(a-c)). In con-
trast, upon separation of M-CSF MΦ and RPE cells by
using the transwell system the plaque size was signifi-
cantly increased again (Figure 3(a,b)) and percentages of
HCMV-infected cells were as high as in RPE mono-
cultures (Figure 3(c)). Furthermore, also the amount of
released virus in the lower well, which contained the RPE
cells, was similar to HCMV-infected RPE mono-cultures
(Figure 3(d)). Interestingly, analysis of HCMV particles in
the transwell inserts revealed that HCMV was able to
cross 1.0 µm pores readily, whereas in transwell inserts
with a pore size of 0.4 µm basically no virus particles were
detected (Figure 3(e)). Of note, when using a highly
sensitive IFN-I reporter system, we found only barely
measurable IFN-I activity in all cultures (Sup. Figure 1
(d)). Thus, the observed antiviral effect against HCMV
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seemed to depend on direct cell-cell contact between
M-CSF MΦ and infected RPE cells.

Supernatants from co-cultures of macrophages and
HCMV-infected epithelial cells show antiviral effects

To understand whether the protection against HCMV
was mediated by direct cell-cell contact alone, or whether
secreted factors played a role, we tested the protective
capacity of co-culture supernatants. Therefore, we trans-
ferred day 2 cell-free supernatant from co-cultures of

M-CSF MΦ and HCMV-infected RPE cells on freshly
infected RPE cells. Additionally, also supernatants from
infected as well as uninfected mono-cultures and unin-
fected co-cultures were used. The quantification of plaque
sizes after 8 d of incubation revealed that uninfected
culture supernatants did not inhibit virus spread irrespec-
tive of whether they were derived from co- or mono-
cultures (Figure 4(a,b)). As expected, supernatants from
HCMV-infected M-CSF MΦ mono-cultures, which con-
tained high levels of IFN-I (Figure 4(c,d)), decreased
HCMV plaque size significantly (Figure 4(a,b)).
Similarly, co-culture supernatants from M-CSF MΦ and

Figure 2. Co-culture of monocyte-derived cells with HCMV-infected RPE cells reduces viral spread.
RPE cells were infected with HCMV-GFP at MOI 0.1, washed, and co-cultured with moDC, GM-CSF MΦ, or M-CSF MΦ at a 1:4 ratio. (a) 10 dpi
HCMV plaque formation was analyzed by fluorescence microscopy (scale bar = 100 µm). (b) 6, 8, and 10 dpi the size of individual HCMV
plaques was determined by using ImageJ software. (c) Secreted IFN-α was monitored by ELISA analysis of cell-free supernatants. HUVEC
were infected with HCMV-GFP at MOI 1, co-cultured with M-CSF MΦ, and 10 dpi (d) HUVEC were analyzed for percentages of GFP expressing
cells by flow cytometry and (e) supernatants were analyzed for the amount of infectious virus particles. RPE cells were infected with RV-
TB40-BACKL7-SE-EGFP (RV-HCMV), co-cultured with M-CSF MΦ, and 13 dpi (f) the size of individual HCMV plaques was determined and (g)
supernatants were analyzed for the amount of infectious virus particles. Data in (d/e/g) show values as percent of control infections in
HUVEC or RPE mono-cultures. Mean ±SEM of (b/c) 4–7 ((b) 26–102 plaques analyzed), (d/e) 4, and (f/g) 6 ((f) 212–368 plaques analyzed)
different donors from 2–3 independent experiments. DL = detection limit, dpi = days post infection, *: p ≤ 0.05, ***: p ≤ 0.001 (one-tailed
Mann-Whitney test).
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Figure 3. Inhibition of direct cell-cell contact between macrophages and infected epithelial cells impairs protection against HCMV.
RPE cells were infected with HCMV-GFP at MOI 0.1, washed, and co-cultured with M-CSF MΦ at a 1:2 ratio. M-CSF MΦ were added directly onto RPE
cells or into transwell inserts with pore sizes of 0.4 µm or 1.0 µm. (a) 6, 8, and 10 dpi HCMV plaque formation was analyzed by fluorescence
microscopy (scale bar = 1 mm) and 10 dpi (b) the size of individual HCMV plaques or (c) percentage of HCMV-GFP+ RPE cells was determined.
Numbers of infectious HCMV particles were determined 10 dpi in (d) co-cultures or in the RPE cell compartment of the transwell co-cultures as well as
(e) in the transwell inserts, which contained the M-CSF MΦ. Mean size of (b) 77–119 plaques using 4 different donors or mean ±SEM of (c-e) 3–4
different donors from 2 independent experiments. DL = detection limit, ns = not significant, *: p ≤ 0.05, ***: p ≤ 0.001 (one-tailed Mann-Whitney).
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HCMV-infected RPE cells significantly reduced virus
spread (Figure 4(a,b)), although in these supernatants
basically no IFN-α (Figure 4(c)) or IFN-I activity
(Figure 4(d)) was detectable.

These results indicated that the protective activity in
the supernatants from infected co-cultures was conferred
by secreted factors different from IFN-I. To verify that
also other cytokines such as IFN-γ and TNF-α can show
antiviral activity [38–41], we treated HCMV-infected
RPE cells with recombinant (rec.) IFN-α2b, IFN-γ, or
TNF-α. Indeed, similar to treatment with rec. IFN-α2b,
also treatment with rec. IFN-γ and rec. TNF-α signifi-
cantly reduced the plaque size in HCMV-infected RPE
cells after 8 d of incubation (Figure 4(e)). However, the
analysis of culture supernatants revealed that although
co-culture supernatants contained overall increased
levels of secreted proteins compared with uninfected
M-CSF MΦ mono-culture supernatants, neither IFN-γ
nor TNF-α or other cytokines were dramatically upre-
gulated in infected compared with non-infected co-cul-
ture supernatants (Figure 4(f)). Of the analyzed proteins,
only IP-10 (CXCL-10) was massively enhanced in
infected co-cultures (Figure 4(f)). Nevertheless, IP-10
was highly unlikely to promote the antiviral effect in
supernatants from co-culture experiments as treatment
with up to 100 ng/ml rec. IP-10 did not reduce HCMV
plaque size (Sup. Figure 2). Collectively, these data indi-
cate that the reduction of HCMV spread detected in co-
cultures of macrophages and HCMV-infected cells was
mediated by secreted factors, although an increase in the
levels of classical antiviral cytokines was not detected.

Protection against HCMV in co-cultures of
macrophages and infected epithelial cells is not
mediated by classical antiviral cytokines

Despite the fact that we found only barely measurable IFN-
I amounts in the supernatants of infected co-cultures, our
results also showed that treatment with rec. IFN-α2b effi-
ciently inhibited HCMV spread (Figure 4(e)), even when
used at very low concentrations such as 1–10 U/ml (data
not shown). To exclude that low concentrations of IFN-I
mediated protective effects in co-cultures of macrophages
and infected RPE cells, we made use of the viral IFN-I
binding protein from vaccinia virus, B18R. B18R attaches
to the cell surface and catches human IFN-α as well as IFN-
β with higher affinity than the endogenous receptor and
thus efficiently inhibits IFNAR triggering by its cognate
ligands [42–45]. Pretreatment with 7.5 ng/ml and higher
concentrations of B18R inhibited the antiviral activity of
100 U/ml rec. IFN-α2b efficiently (Figure 5(a)). To test the
stability of B18R in cell culture, RPE cells were infected
with HCMV (MOI 0.1), macrophages were added, and the

cells were treated with B18R (100 ng/ml). After incubation
for 0, 24, and 48 h 100 U/ml rec. IFN-α2b was added and
4 h later induction of the interferon stimulated gene Mx
was monitored. Under all conditions tested B18R effi-
ciently inhibited Mx induction (Figure 5(b)) showing the
stability of B18R in cell culture. Nevertheless, in the follow-
ing co-culture experiments 100 ng/ml B18R was added
daily to inevitably inhibit IFN-I.

We showed above that during 4 d co-cultivation of
macrophages and HCMV-infected RPE cells (d0-4 co-
cultures) the macrophages were not triggered to pro-
duce IFN-α and, nevertheless, release of infectious
HCMV particles was decreased (see Figure 1(c-g)). In
contrast, addition of macrophages to HCMV releasing
RPE cells on day 3 post infection and subsequent co-
cultivation for one day (d3-4 co-cultures) resulted in
HCMV-infection and IFN-α production of the macro-
phages (see Figure 1(d,e)). To verify that in d0-4 co-
cultures IFN-α did not contribute to the antiviral effect,
we tested these conditions in the presence of B18R.
Indeed, irrespective of whether B18R was added to
d0-4 co-cultures or not, a similar reduction of the
virus propagation was detected (Figure 5(d,e)).
Furthermore, in d3-4 co-cultures addition of macro-
phages together with B18R did not impair IFN-α pro-
duction of the macrophages (Figure 5(c)). Moreover,
under such conditions B18R treatment increased
HCMV particle formation, as similarly detected in
B18R-treated RPE mono-cultures (Figure 5(e)). In con-
clusion, the inhibition of HCMV propagation in RPE
cultures by M-CSF MΦ can be mediated by IFN-I when
cell-free HCMV is present (d3-4 co-cultures), while it is
independent of IFN-I when infected cells are encoun-
tered by M-CSF MΦ (d0-4 co-cultures).

Finally, we addressed whether the observed plaque size
reduction in co-culture experiments was impaired by IFN-I
inhibition. To this end, we again used the B18R protein to
inhibit IFN-I activity. Moreover, we deployed IFNAR-
blocking antibodies as well as antibodies that neutralize
IFN-γ or TNF-α, to also exclude involvement of minute
levels of these classical antiviral cytokines. Indeed, neutra-
lization of neither IFN-γ nor TNF-α influenced the reduc-
tion of plaque size inHCMV infected RPE cells co-cultured
with M-CSF MΦ (Figure 6(a)), although the neutralizing
effects of the antibodies were still evident even after 10 d of
culture (Figure 6(b,c)). Similarly, although the activity of
rec. IFN-α2b was inhibited by treatment with IFNAR-
blocking antibodies (Figure 6(d)) or B18R (Figure 6(e,f)),
such treatments did not affect the reduction of plaque
size (Figure 6(a,e and f)) or the percentage of infected
cells in co-cultures of M-CSF MΦ with infected RPE cells
(Figure 6(g)). Thus, neither inhibition of IFN-γ or TNF-α
nor efficient IFN-I inhibition did affect the protection
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Figure 4. Supernatants from co-cultures of M-CSF MΦ and HCMV-infected RPE cells inhibit viral spread.
Cell-free supernatants from uninfected or HCMV-infected RPE (MOI 12) or M-CSF-MΦ (MOI 3) mono-cultures and RPE/M-CSF-MΦ co-cultures were
harvested 2 dpi and transferred onto fresh RPE cells infected with HCMV-GFP at MOI 0.1. (a) 8 dpi virus plaque formationwas analyzed by fluorescence
microscopy (scale bar = 1 mm) and (b) the size of individual plaques was determined. Cell-free supernatants prepared as described above were
analyzed for (c) secreted IFN-α and (d) IFN-I activity using an ELISAmethodor anMx2-Luc reporter cell line, respectively. (e) RPE cells were infectedwith
HCMV-GFP at MOI 0.1 and incubated with recombinant (rec.) IFN-α2b, IFN-γ, or TNF-α for 8 d. Then the plaque size was analyzed. (f) Cell-free
supernatants prepared as described above were analyzed for different secreted proteins using a bead-based cytokine array. Data visualize log (2)
values of the measured cytokine concentrations in [pg/ml]. Mean size of (b) 67–371 plaques using 6 different donors or (e) 49–100 plaques from 3
independent experiments. Mean ±SEM of (c/d) 6 different donors from 3 independent experiments or data of (f) 3 different donors from 2
independent experiments. SN = supernatant, uninf. = uninfected, *: p ≤ 0.05, **: p ≤ 0.01, ***: p ≤ 0.001 (one-tailed Mann-Whitney test).
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against HCMV in co-cultures of macrophages and
HCMV-infected epithelial cells.

Discussion

To better understand HCMV pathogenicity it is of key
relevance to gain an improved understanding of anti-
viral mechanisms that restrict HCMV dissemination.
Previously we and others reported that CMV triggers
human and murine immune cells to mount antiviral
IFN-I responses, which are critical to protect against
CMV infection [8–11,15,32–34]. Here we showed, that
only pDC, but not monocyte-derived cells, were able to
mount abundant IFN-I responses upon contact with
HCMV-infected epithelial cells in the absence of cell-
free virus. Nevertheless, monocyte-derived cells
reduced HCMV spread, which was dependent on cell-
cell contact between monocyte-derived cells and

infected epithelial cells. We found that upon contact
with infected cells antiviral factors were secreted into
the supernatant, which inhibited the spread of HCMV.
Importantly, this protection was independent of IFN-γ,
TNF-α, or IFN-I. In conclusion, our data indicate that
the immune system provides strategies to recognize
infected cells and to subsequently mount IFN-I depen-
dent as well as independent antiviral protection
mechanisms.

pDC, which are known for their rapid and high IFN-
I producing capacities [46–48], were able to recognize
HCMV-infected epithelial cells and mount IFN-I
responses even in the absence of cell-free virus parti-
cles. Similar findings have been reported for pDC in the
context of other viral infections such as HCV or VSV in
which case contact to virus-infected cells even increased
IFN-I responses of pDC [23–25]. Thus, our results
again highlight the huge capacity of pDC to recognize

Figure 5. Co-cultures of macrophages and infected RPE cells incubated for four days show IFN-I independent inhibition of HCMV
propagation.
(a) Different concentrations of B18R were added to rec. IFN-α2b [100 U/ml] and after 1 h incubation the IFN-I activity was determined using
an Mx2-Luc reporter cell line. (b) Co-cultures of M-CSF-MΦ and HCMV-infected RPE cells were set up, treated with 100 ng/ml B18R, and 0,
24, and 48 h later cultures were stimulated with 100 U/ml rec. IFN-α2b for 4 h and then Mx induction was analyzed by qPCR. (c-e) RPE cells
were infected with HCMV-GFP at MOI 12, washed, and co-cultured with M-CSF MΦ from d 0–4 or d 3–4 post infection with (black symbols)
or without (grey symbols) the daily addition of 100 ng/ml B18R. (c) Percentages of intracellular IFN-α+ M-CSF-MΦ, (d) HCMV-GFP+ RPE cells,
or (e) infectious HCMV particles in the supernatants of such cultures were determined. Mean ±SEM of (a) 3 independent experiments and
(b) 3 or (c/d/e) 4 different donors from 2 independent experiments. inf. = infected, *: p ≤ 0.05 (one-tailed Mann-Whitney test, (b)), ns = not
significant (p ≥ 0.29) (one-tailed Wilcoxon signed rank test (c/d/e)).
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Figure 6. Inhibition of IFN-γ, TNF-α, or IFN-I does not impair protection against HCMV in co-cultures of macrophages and infected RPE cells.

RPE cells were infected with HCMV-GFP at MOI 0.1, washed, and co-cultured with M-CSF MΦ with or without the addition of antibodies against
human IFN-γ, TNF-α, or the IFN-I receptor. 10 dpi co-culture supernatants were harvested and (a) HCMV plaque formation was analyzed by
fluorescence microscopy. To determine the remaining neutralizing potential of anti-human IFN-γ or TNF-α antibodies in day 10 co-culture
supernatants, RPE cells were treated with (b) 100 U/ml rec. IFN-γ or (c) 10 ng/ml rec. TNF-α in the presence or absence of anti-human IFN-γ or
TNF-α antibodies or the harvested day 10 co-culture supernatants, respectively, and upregulation of ICAM-1 expression was analyzed by flow
cytometry. Data are shown as percent of ICAM-1 upregulation after IFN-γ or TNF-α treatment of RPE cells (control). (d) To determine the remaining
potential of anti-human IFNAR antibodies to block IFN-I responses in day 10 co-culture supernatants, Mx2-Luc reporter cells were treated with 100 U/
ml rec. IFN-α2b in the presence or absence of anti-human IFNAR antibodies or day 10 co-culture supernatants and IFN-I activity was measured. RPE
cells were infected with HCMV-GFP at MOI 0.1, washed, and co-cultured with M-CSF MΦ with or without the addition of 100 ng/ml B18R daily.
Furthermore, infected RPE cells were treated with 100 U/ml rec. IFN-α2b which was pretreated for 1 h with 100 ng/ml B18R. 10 dpi (e) HCMV plaque
formation was analyzed by fluorescence microscopy (scale bar = 1mm) and (f) the size of individual HCMV plaques or (g) percentages of HCMV-GFP+

RPE cells were determined. Mean size of (a) 116–184 or (f) 32–68 plaques using 2–7 different donors ormean ± SEM of (b/c) 7, (d) 5, and (g) 4 different
donors from 2–3 independent experiments. ns = not significant, **: p ≤ 0.01, ***: p ≤ 0.001 (one-tailed Mann-Whitney test).
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infections and rapidly mount IFN-I responses also in
the context of infections with DNA viruses such as
HCMV.

In contrast, monocyte-derived cells produced basi-
cally no IFN-I upon contact with infected epithelial
cells, although abundant antiviral responses were
induced that diminished HCMV infection in human
epithelial and endothelial cells. These findings are in
line with an earlier study in the murine system, in
which co-culture of murine DC with MCMV-infected
liver-sinusoidal endothelial cells or fibroblasts pro-
tected against MCMV infection [28]. Additionally,
our experiments showed that upon physically separat-
ing human monocyte-derived macrophages (moMΦ)
from infected epithelial cells by using transwell inserts
with 0.4 or 1.0 µm pore sizes protection against
HCMV was inhibited. Interestingly, also the presence
of cell-free HCMV particles, which were able to pass
through 1.0 µm pores, but basically not 0.4 µm pores,
did neither influence protection nor induce IFN-I
responses by the macrophages in the transwell inserts.
Thus, the antiviral effect against HCMV seemed to be
dependent on direct cell-cell contact between moMΦ
and infected epithelial cells.

Our results further showed that protection could
be conferred by co-culture supernatants of moMΦ
and infected epithelial cells. Thus, we concluded
that cell-cell contact induced the secretion of anti-
viral factors which then mediated protection against
HCMV, although the involvement of some addi-
tional cell-cell contact dependent mechanisms
could not be excluded. The analysis of several can-
didate proteins in the supernatant of uninfected and
infected co-cultures revealed IP-10 to be highly
enhanced, whereas most other cytokines were only
slightly regulated. IP-10 has important chemokine
functions in immunity such as the recruitment of
antiviral T cells to the liver during MCMV infec-
tions [49,50]. Moreover, during infection of mice
with the human herpes simplex virus 1 (HSV-1)
IP-10 expression by epithelial cells was proposed as
an early antiviral mechanism prior to IFN-I secre-
tion, which contributes to the control of HSV-1 by
recruitment of neutrophils [51]. Thus, our results
are in accordance with the hypothesis that also in
early HCMV infection cross-talk of myeloid cells
with HCMV-infected cells induces abundant IP-10
responses, even in the absence of high HCMV titers.
IP-10 expression may then contribute to the initia-
tion of early antiviral immunity by recruitment of
other immune cells. Nevertheless, IP-10 itself has
not been reported to mediate direct antiviral effects
and a reduction in HCMV spread upon treatment

with rec. IP-10 was not observed in our system.
While IP-10 is widely used as an indicator for
IFN-γ or IFN-I activity as it is highly upregulated
upon treatment with these cytokines [52,53], neither
IFN-γ nor IFN-I were dramatically increased in the
supernatant of infected co-cultures. However, even
low level of classical antiviral cytokines such as
IFN-γ, TNF-α, and particularly IFN-I can exhibit
very potent effects. Indeed, results from the
murine co-culture of DC with infected cells revealed
IFN-I as a major mediator of protection against
MCMV [28]. Moreover, in previous studies also
human NK and T cells were shown to inhibit focal
growth of HCMV in co-cultured cells [54–56]. NK
cell derived IFN-γ was suggested to cause protection
against HCMV [55]. Additionally, NK cells were
suggested to induce IFN-β secretion of co-cultured,
HCMV-infected fibroblasts, which subsequently
mediated protection in concert with IFN-γ [57].
Nevertheless, we verified that in our system inhibi-
tion of HCMV propagation in epithelial cells by
human moMΦ was mediated in an IFN-γ, TNF-α,
and IFN-I independent manner. To show this, we
made use of neutralizing antibodies against IFN-γ,
TNF-α, or the IFN-I receptor, which did not affect
inhibition of HCMV spread in epithelial cells by
moMΦ. Moreover, we confirmed the independence
on IFN-I receptor signaling by using a highly spe-
cific and potent soluble type I IFN binding protein
of vaccinia virus, B18R. B18R was shown to potently
inhibit human IFN-α and IFN-β responses [42–44].
In line with this, B18R treatment blocked the activ-
ity of up to 100 U/ml recombinant IFN-α2b,
whereas the protective effect induced in HCMV-
infected co-cultures was not affected. These data
are in accordance with another recent study show-
ing that human DC are able to inhibit HCMV infec-
tion in an IFN-I independent manner [58].
Collectively, our data showed that other factors
than the classical antiviral cytokines IFN-γ, TNF-α,
or IFN-I mediated protection against HCMV by
moMΦ in the human system. Thus, there seem to
be major differences in the antiviral mechanisms
deployed by the various innate and adaptive
immune cells of the human and murine system in
combating HCMV or MCMV, respectively.

Previous studies which used clinical isolates of
HCMV or an HCMV strain that was modified to
mimic clinical isolates, suggested that clinically relevant
HCMV preferably spreads on a cell-to-cell basis in the
host and that, unlike cell-free virus infection, this cell-
to-cell virus spread is resistant to IFN-I treatment
[59,60]. In light of these findings, our results indicate
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that myeloid cells developed IFN-I independent anti-
viral restriction mechanisms to protect against HCMV
transmission via direct cell-to-cell spread. Since we
observed predominantly focal HCMV spread in RPE
cells and the size of HCMV plaques was significantly
reduced upon co-culture with monocyte-derived cells,
the IFN-I independent protection we present here
might be such a mechanism. Interestingly, this mechan-
ism seemed to be only applied when moMΦ encoun-
tered infected cells in a state when cell-free virus
particles were not present, yet. If the co-culture was
established at such an early state, even upon prolonged
co-culture and subsequent detection of cell-free virus in
the supernatant, moMΦ were not infected and did not
mount IFN-I responses, but continuously conferred
IFN-I independent protection. This suggests that the
soluble antiviral factor that reduced viral spread in the
epithelial cells also reduced the vulnerability of macro-
phages to HCMV infection and thus impaired the acti-
vation of cGAS-mediated IFN-I responses by the
macrophages. In contrast, when moMΦ were added
to HCMV-infected cells that already produced cell-
free virus, moMΦ were infected and produced abun-
dant IFN-I responses, which are known to be effective
against cell-free virus infection [59].

In conclusion, we showed that pDC are triggered
by HCMV-infected cells to rapidly mount abundant
IFN-I responses, even in the absence of cell-free virus
particles. Importantly, also contact of monocyte-
derived cells and infected cells induces abundant
antiviral responses. However, these antiviral
responses are independent of IFN-I and might be
especially suited to restrict IFN-I-resistant transmis-
sion of HCMV via cell-to-cell spread. Additionally,
by the induction of chemokines such as IP-10 other
immune cells might be recruited to the site of infec-
tion. Nevertheless, upon progression of the infection
and subsequent production of cell-free virus particles,
monocyte-derived cells that are newly recruited
might get infected and then are able to produce
IFN-I which is effective against cell-free virus infec-
tion. Thus, our data contribute to an improved
understanding of the diverse layers of protective
mechanisms deployed by myeloid cells to combat
HCMV infection.

Materials and methods

Cells and viruses

HCMV-GFP encoding a green fluorescent protein
under the control of the major immediate early promo-
ter was generated on the backbone of the

endotheliotropic BAC-cloned TB40/E strain [22,61,62]
and prepared as described previously [15]. The HCMV
variant RV-TB40-BACKL7-SE-EGFP is a repaired ver-
sion of the TB40/E BAC virus, which contains an intact
US region, a self-excisable BAC cassette, and an EGFP
reporter under the control of the viral major immediate
early promoter [37]. Human retinal pigment epithelial
cells (RPE cells) and human fibroblasts (MRC-5 cells)
were maintained in DMEM medium supplemented
with 10% fetal calf serum. Human umbilical vein
endothelial cells (HUVEC) were maintained in EGM-
2 Bullet kit medium (Lonza, cc-3162).

Determination of infectious virus particles

Confluent layers of MRC-5 cells were infected with
culture supernatants and infection was enhanced by
centrifugation at 300 g for 30 minutes. 3 dpi cells were
fixed with ice-cold methanol and stained against cyto-
megalovirus immediate early and early nuclear proteins
(Dako, M0854). Infected cells were visualized using a
secondary goat anti-mouse-HRP antibody (KPL,
474–1806) and AEC substrate (Sigma, A6926-50TAB).
HCMV-infected cells were counted and numbers of
infectious particles were calculated.

Primary cell isolation, differentiation, and
stimulation

Plasmacytoid dendritic cells (pDC) as well as mono-
cyte-derived cells were isolated and generated from
blood samples of healthy donors as described pre-
viously [15]. In brief, pDC and CD14+ monocytes
were isolated using ficoll density gradient centrifuga-
tion and magnetic activated cell sorting. CD14+

monocytes were differentiated for 5 d in serum-free
DC medium (Cellgenix, 20801–0100) in the presence
of 80 U/ml GM-CSF (granulocyte macrophage-colony
stimulating factor, CellGenix, 1412–050), 100 ng/ml
M-CSF (macrophage-colony stimulating factor,
Miltenyi Biotec, 130–096-492), or 1000 U/ml GM-
CSF and 1000 U/ml IL-4 (CellGenix, 1403–050) to
obtain GM-CSF MФ, M-CSF MФ, or moDC,
respectively.

Infection of myeloid cells and co-culture of HCMV-
infected cells and myeloid cells

pDC and monocyte-derived cells were infected with
HCMV-GFP at MOI 3 (400.000 cells plus 1.2 × 106

infectious particles of HCMV-GFP) and infection was
enhanced by centrifugation at 300 g for 30 minutes. To
study whether pDC and monocyte-derived cells were
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also activated by infected cells, we infected RPE cells at
similar conditions as the myeloid cells (100.000 cells
with 1.2 × 106 infectious particles of HCMV-GFP, i.e.,
MOI 12), centrifuged at 300 g for 30 minutes, and 1.5 h
later washed the cells. Then myeloid cells were added in
CellGro DC medium (400.000 myeloid cells to 100.000
infected RPE cells, i.e., a ratio of 1:4). Cells and cell-free
supernatants were harvested at the indicated time
points for intracellular cytokine staining and ELISA or
bead array analysis, as indicated.

Additionally, infection experiments were performed
in which the spread of HCMV upon treatment of RPE
cells with cytokines and co-culture supernatants or upon
direct co-culture with monocyte-derived cells was eval-
uated. For the analysis of individual plaque sizes after
several days of culture confluent RPE layers were
infected with HCMV-GFP at MOI 0.1, centrifuged, and
washed as described above. Subsequently, RPE cells were
either treated with co-culture supernatants that were
harvested from the co-culture experiments as described
above at a 1:2 dilution in medium, or with recombinant
IFN-α2b (100 U/ml) (IntronA, MSD), IFN-γ (100 U/ml)
(PreproTech, 300–02), TNF-α (10 ng/ml) (PreproTech,
300-01A), or IP-10 (biolegend, 573502). To avoid dilu-
tion of the cytokines or supernatants, the medium was
not replaced during the incubation time and the HCMV
plaque size was analyzed when first fully formed plaques
became detectable (8 dpi). Furthermore, RPE cells were
infected with HCMV-GFP or RV-TB40-BACKL7-SE-
EGFP and co-cultured in CellGro DC medium with
monocyte-derived cells at a 1:4 ratio. In these cultures
the medium was exchanged regularly in order to allow
the analysis of HCMV plaque sizes also at later time
points, i.e., 10 or 13 dpi. Furthermore, cultures were set
up with or without using a transwell system, in which
RPE cells and moMФ were co-cultured at a 1:2 ratio.
The transwell system was used in a manner that the
lower chamber was seeded with normal numbers of
RPE cells, i.e., 100.000 cells, whereas in the smaller insert
there were seeded 200.000 myeloid cells. For co-culture
experiments with HUVEC and moMФ, HUVEC were
infected with HCMV-GFP at MOI 1 and co-cultured
with moMФ in DMEM medium supplemented with
10% FCS.

Cytokine analysis

Cell-free supernatants were analyzed by using Human
IFN-alpha Platinum ELISA (eBioscience, BMS216TEN)
or Human Inflammation 20plex FlowCytomix Multiplex
Kit (eBioscience, BMS819FFRTU) according to the man-
ufacturer’s instructions. To measure IFN-I activity Hela-
Mx2Luc cells, which contain a BAC that encodes

luciferase that is expressed under the control of the
murine Mx2 promotor were used. Such cells are suited
to detect human IFN-I as well as type III interferon
activity. 4 × 104 Hela-Mx2Luc cells were seeded in 96-
wells and after 24 h of incubation the cells were stimu-
lated with cell-free culture supernatants or rec. cytokines.
As a reference for IFN-I activity rec. IFN-α2b was used
at different concentrations ranging from 0.3 U/ml to
300 U/ml. 24 h later the cells were lysed in Glo Lysis
Buffer (Promega, E2661) and luciferase expression was
determined upon addition of luciferin (Promega, E263B)
in the plate reader Synergy TM2 (Biotek).

Flow cytometry analysis

Intracellular IFN-α staining was performed according to
the intracellular staining protocol from BD Bioscience.
Cells were treated with Brefeldin A (GolgiPlug, BD
Bioscience, 555029) 6 h prior to harvesting and stained
with an anti-human IFN-α antibody (Miltenyi Biotec,
130–092-602). RPE cells and monocyte-derived cells were
distinguished by the expression of CD206 (anti-human
CD206, biolegend, 321124) or CD163 (anti-human
CD163, BD Bioscience, 556018) on monocyte-derived
cells as well as CellTracker Violet BMQC (Invitrogen,
C10094) staining of monocyte-derived cells prior to co-
culturing. Data were acquired on a LSRII flow
cytometer (BD Biosciences) and analyzed with FlowJo soft-
ware (Tree Star).

Inhibition of antiviral cytokine responses by
neutralizing antibodies

In co-culture experiments of HCMV-infected RPE cells
and monocyte-derived cells (for details see above)
10 µg/ml mouse anti-human IFN-γ (R&D Systems,
MAB2851), 10 µg/ml goat anti-human TNF-α (R&D
Systems, AF-210-NA), or 20 µg/ml mouse anti-human
IFNAR Chain 2 (PBL, 21385–1) were added. Every
2–3 d one fourth of the medium was exchanged by
fresh medium containing the respective types and con-
centrations of antibodies. After 10 d of incubation the
co-culture supernatants were tested for their continued
neutralizing potential of the added antibodies. In brief,
50 µl medium supplemented with 10 µg/ml of anti-
human IFN-γ or TNF-α antibodies or 50 µl of co-
culture supernatant were incubated for 1 h in a total
volume of 100 µl containing 100 U/ml rec. IFN-γ or
10 ng/ml rec. TNF-α, respectively. Subsequently, mix-
tures were transferred to RPE cells and ICAM-1 upre-
gulation was analyzed 24 h later by flow cytometry as a
measure for IFN-γ and TNF-α activity. Similarly, 50 µl
medium supplemented with 20 µg/ml anti-human
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IFNAR antibodies or 50 µl of co-culture supernatant
were pre-incubated for 1 h with Hela-Mx2Luc cells.
Subsequently, Hela-Mx2Luc cells were stimulated with
100 U/ml rec. IFN-α2b in a total volume of 100 µl for
24 h and IFN-I activity was determined as described
above.

Inhibition of IFN-I responses by B18R

Recombinant vaccinia virus-derived soluble IFN-I bind-
ing protein B18R, with a C-terminal V5-His tag, was
produced in a baculovirus system and purified by affi-
nity chromatography using NiNTA columns (Quiagen,
31014) as described previously [45]. 100 U/ml rec. IFN-
α2b was pre-incubated for 1 h with increasing concen-
trations of B18R before measuring IFN-I activity by
using Hela-Mx2-Luc cells. To evaluate B18R activity,
co-cultures were established as described above and
treated with a single dose of 100 ng/ml B18R. 100 U/
ml rec. IFN-α2b was added either directly or after 24 h
or 48 h and the mixtures were subsequently incubated
for 4 h. Then, IFN-I activity was determined by analyz-
ing endogenous Mx induction in co-cultures by qPCR.
Furthermore, 100 U/ml rec. IFN-α2b either untreated or
pretreated for 1 h with 100 ng/ml B18R was used to treat
RPE cells that were infected with HCMV-GFP at MOI
0.1 and subsequently incubated for 10 d while one fourth
of the medium was replaced with fresh medium daily.
Co-cultures of HCMV-infected RPE cells and monocyte-
derived cells were established as described above and
100 ng/ml B18R was added daily by replacement of
one tenth (4-day co-culture) or one fourth (10-day co-
culture) of medium with fresh medium containing B18R.

qPCR

RNA extraction (Macherey-Nagel, 740955.250) and
cDNA synthesis (Takara, RR036A) were performed
according to the manufacturer’s instructions. 5 ng of
cDNA was analyzed by quantitative PCR using Sensi-
FAST SYBR no-ROX Kit (Bioline, BIO-98020) in a
LightCycler 480 (Roche). All data are presented as
expression relative to hypoxanthine phosphoribosyl
transferase 1 (HPRT1) mRNA. The corresponding pri-
mers were:
HPRT1 forward, 5’-GAACGTCTTGCTCGAGATGTG-3’
HPRT1 reverse, 5’-CCAGCAGGTCAGCAAAGAATT-3’
Mx forward, 5’-ACAGGACCATCGGAATCTTG-3’
Mx reverse, 5’-CCCTTCTTCAGGTGGAACAC-3’

Fluorescence microscopy

HCMV-GFP spread in RPE cells was monitored by
fluorescence microscopy using the epi-fluorescence
microscope IX-81 (Olympus) or the Eclipse TS100
(Nikon). The size of HCMV-GFP plaques was analyzed
from pictures using ImageJ (v1.47) software.

Statistical analysis

Data were statistically analyzed using the software
package GraphPad Prism Version 5.0. In case of com-
parisons between multiple samples adjustments for
multiple-comparisons were performed according to
the Bonferroni method. Heat map analysis was gener-
ated using R software version 3.4.0.
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