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Abstract
Microglia are resident brain macrophages with key roles in development and brain homeostasis. Cytomegalovirus (CMV) readily
infects microglia cells, even as a possible primary target of infection in development. Effects of CMV infection on a cellular level
in microglia are still unclear; therefore, the aim of this research was to assess the immunometabolic changes of BV-2 microglia
cells following the murine cytomegalovirus (MCMV) infection. In light of that aim, we established an in vitro model of ramified
BV-2 microglia (BV-2∅FCS, inducible nitric oxide synthase (iNOSlow), arginase-1 (Arg-1high), mannose receptor CD206high, and
hypoxia-inducible factor 1α (HIF-1αlow)) to better replicate the in vivo conditions by removing FCS from the cultivation media,
while the cells cultivated in 10% FCS DMEM displayed an ameboid morphology (BV-2FCS high, iNOShigh, Arg-1low, CD206low,
and HIF-1αhigh). Experiments were performed using both ramified and ameboid microglia, and both of them were permissive to
productive viral infection. Our results indicate that MCMV significantly alters the immunometabolic phenotypic properties of
BV-2 microglia cells through the manipulation of iNOS and Arg-1 expression patterns, along with an induction of a glycolytic
shift in the infected cell cultures.
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Introduction

The importance of studying the neurobiology of cytomegalo-
virus (CMV) infection comes from its association with con-
genital defects as a result of infection in the developing brain
due to an immature immune defense (Naing et al. 2016).
Hence, the focus of CMV infection in the central nervous
system (CNS) is not only on the neurons but on glia cells as
the immune cells in the brain (Van den Pol et al. 2002).

Among glia cells astrocytes are the majorly infected cells,
while resident microglia are the first immune cells which are
attracted by the cytokines released from infected astrocytes

(Rock et al. 2004). However, novel research is pointing out
that microglia is perhaps the primary target of infection and
that the neuroimmune alterations might be critical for the con-
sequences of infection (Cloarec et al. 2016).

Microglia are the resident brain macrophages originating from
the yolk sac in early development (Ginhoux et al. 2010).
Although the full spectrum of physiological microglial roles is
beginning to be discovered, current evidence indicates functions
such as promoting programmed cell death and phagocytosis of
apoptotic neurons in development and throughout life (Marín-
Teva et al. 2004; Witting et al. 2000). Furthermore, microglia
was found to be instrumental in developing, maintaining, or re-
moving synapses (Schafer and Stevens 2013; Miyamoto et al.
2016), thus ensuring proper neuronal function. Finally, microglia
constantly monitor their surroundings and ensure homeostasis
through their interactions with other brain cells, alongwith a rapid
immunometabolic response to endogenous or exogenous stimuli,
such as stroke or viral infections (Tsai et al. 2016; Guruswamy
and El Ali 2017; Hanisch and Kettenmann 2007; Das Sarma
2014). However, contrary to popular belief, microglia is constant-
ly in its active form and therefore cannot be assessed effectively
through the traditionalM1/M2 polarization (Ransohoff 2016), but
instead, through integration of immune and metabolic
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assessments since that only completes the integrity of cellular
function (Artyomov et al. 2016). It should be mentioned that
immunometabolism is becoming crucial in research of various
conditions and as overall response in all immune cells (Mathis
and Shoelson 2011). Most research in CMV infections is focused
on the immune aspects, although there is a growing area in the
metabolic consequences of the infection as well (Loftus and
Finlay 2016; Fleck-Derderian et al. 2017).

CMV is a member of the viral family known as
Herpesviridae linked to many disorders in the CNS where it
induces immune response and microglial activation. Among
various species, the murine cytomegalovirus (MCMV) stands
out as one of the most commonly used alternative for human
cytomegalovirus, being the best characterized and is con-
firmed as a valuable experimental model for studying the
immunobiology of the CMV in CNS (Reddehase and
Lemmermann 2018; Jonjic 2015). The viral program starts
immediately upon infection in the cascade fashion through
at least three phases initiating with the expression of immedi-
ate early (IE) proteins responsible for transcription of early
viral (E) and late (L) phase proteins required for viral DNA
replication and the release of the first viral progeny (Lucin and
Jonjić 1995).

It has been shown that microglial cells are a direct target
of infection during development with a pivotal role in an-
tiviral defense in the CNS (Kettenmann et al. 2011). CMV
drives microglial immune response by inducing a pro-
inflammatory microglial state which promotes pathogen
clearance (Cheeran et al. 2001). Similar pattern can be seen
in early fetal development, with microglia being a promi-
nent CMV target of infection, causing early pro-
inflammatory response, formation of microglial nodules,
and a possible adverse impact on brain development
(Cloarec et al. 2016; Teissier et al. 2014). Novel research
focused on in utero administration of drugs targeting mi-
c r o g l i a h a s p r om i s i n g r e s u l t s i n imp r o v i n g
neurodevelopmental outcomes and indicates the impor-
tance of microglia and CMV interaction in embryonic in-
fections and developmental disorders (Cloarec et al. 2018).

Due to the lack of in vitro research, the underlying
changes on the cellular level are still unclear. With the
development of various non-animal research models, par-
ticularly cell lines, novel opportunities for constructing
more practical research models arise. Thus, using cell
type-specific models may give an insight into the varied
effects the virus causes in different cell types and, in ad-
dition, may contribute to the understanding of phenotype
of neurological cells during CMV infection (Doke and
Dhawale 2015; Stansley et al. 2012; Slavuljica et al.
2015).

Our research model has included BV-2 microglia cell line
with the aim to assess the immunometabolic changes within
distinct cell phenotype following MCMV infection.

Materials and methods

Cells, virus, and infection conditions

BV-2 microglia cell line (Blasi et al. 1990; Henn et al. 2009),
kindly provided by laboratory of Professor Jasna Križ
(Montreal, Canada), was grown in Dulbecco’s modified
Eagle’s medium (DMEM) (PAN Biotech, Aidenbach, DE)
without fetal bovine serum (FCS) or supplemented with
10% (v/v) fetal calf serum (FCS), 2 mM L-glutamine,
100 mg streptomycin, and 100 U penicillin (GIBCO, Gran
Island, NY, USA). The cells were cultured in Petri dishes at
37 °C with 5% CO2 and saturated humidity. Cell viability was
assessed using the Countess FL Automated Cell Counter
(Thermo Fisher Scientific, Waltham, MA, USA), an automat-
ed technique which has been validated for assessing cell via-
bility (Cadena-Herrera et al. 2015). The viability was assessed
before each experiment as part of standard protocol and cell
counting. We proceeded with the experiment if the cell viabil-
ity was ≥ 95% in both cultivation conditions.

Primary murine embryonic fibroblasts (MEFs) were gener-
ated from BALB/c mice and propagated in minimal essential
medium (MEM) supplemented with 5% (v/v) FCS, 2 mM L-
glutamine, 100 mg streptomycin, and 100 U penicillin
(GIBCO, Gran Island, NY, USA).

The wild-typeMCMVof the Smith strain (VR-194; ATCC)
was used as a tissue culture-grown virus. Virus without m138
(Δm138-MCMV), MCMVencoded Fc receptor like protein,
was used for immunofluorescence experiments to avoid the
unspecific staining, and MCK-2 repaired MCMV/MCK-2 re-
vertant virus (tissue culture derived WTMCMVreconstituted
from BAC pSM3fr-MCK-2fl) (Jordan et al. 2011) was used to
estimate the effectiveness of microglia infection (kindly pro-
vided by Dr. Ilija Brizić from the laboratory of Professor
Stipan Jonjić, Medical Faculty, University of Rijeka,
Croatia). To achieve a cell monolayer, 105 cells per well were
seeded in tissue culture plates (Greiner Bio-one,
Frickenhausen, DE) and when confluency was reached, cells
were infected at m.o.i. of 10 using the centrifugal enhance-
ment of infectivity (18,000 rpm for 30 min).

Reagents and antibodies

Real-time metabolism assay was performed using IFN-γ
(Genentech, San Francisco, CA, USA) and FCCP/
oligomycin as part of the Cell Energy Phenotype Test Kit
(Agilent, Santa Clara, CA, USA). For visualization of
MCMVproteins expressed through immediate early/early/late
phase the following antibodies were used: CROMA 101 (anti-
immediate early phase protein 1 (IE1)) and CROMA 103
(anti-early phase protein 1 (E1)) produced in our laboratory,
along with M04.10 (anti-early phase protein (m04)) and
M25C.01 (anti-mid/late-phase protein (m25)), kindly
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provided byAssistant Professor Vanda Juranić Lisnić from the
laboratory of Professor Stipan Jonjić, Rijeka, Croatia).
Immunometabolic changes were analyzed by iNOS (Thermo
Fisher Scientific, Waltham, MA, USA), Arg-1 (Santa Cruz
Biotechnology, Dallas, TX, USA), CD206 (Bio-Rad,
Hercules, CA, USA), HIF-1α (Abcam, Cambridge, UK),
FITC goat α-mouse CD16/32 (BD Biosciences, Franklin
Lakes, NY, USA), and PE rat α-mouse CD86 (BD
Biosciences, Franklin Lakes, NY, USA) monoclonal antibod-
ies. Tubulin and actin were labeled using β-tubulin (Thermo
Fisher Scientific, Waltham, MA, USA) and β-Actin (Sigma-
Aldrich, St. Louis, MO, USA), respectively.

Immunofluorescence staining of immunometabolic
markers and/or MCMV proteins was performed with Alexa
488 goat α-mouse IgG1, Alexa 488 and 555 goat α-rat IgG2a,
and Alexa 555 goat α-rabbit secondary reagents (all from
Thermo Fisher Scientific, Waltham, MA, USA). Blue-
fluorescent DNA stain DAPI was used for nuclear staining
(Thermo Fisher Scientific, Waltham, MA, USA). For flow
cytometry method FITC goat α-mouse (BD Biosciences,
Franklin Lakes, NY, USA) and α-mouse PE rat (BD
Biosciences, Franklin Lakes, NY, USA) secondary antibodies
were used, as well as HRP conjugated goat α-mouse (Jackson
ImmunoResearch,West Grove, PA, USA) for theWestern blot
technique.

Immunofluorescence

Cells grown in monolayers on glass coverslips in 24-well
tissue-culture plates were rinsed with phosphate-buffered sa-
line (PBS), fixed with 4% paraformaldehyde (PFA) for
20 min, permeabilized with 0.1% Triton X-100 for 10 min,
and blocked with 2% fetal calf serum in PBS for 30 min.
Labeling was done using primary and a coupled secondary
antibodies for 1 h at room temperature. For analyzing viral
and cell antigens, images were acquired using the fluorescent
microscope Olympus BX51 (magnification of 400–×1000).
Images were further processed in Image J and signals of fluo-
rescent dots were quantified using imaging software Zen Blue
(Zeiss, Oberkocken, DE). All immunofluorescence experi-
ments were repeated a minimum of four times, with a mini-
mum of 10 images from all experiments being analyzed with
the Zen Blue software for obtaining the mean fluorescent
intensity.

Flow cytometry analysis

Cells were cultured in 12-well tissue culture plates and incu-
bated at 37 °C and 5% CO2. After the specific incubation
period cells were trypsinized, the appropriate neutralization
solution was added and cell suspension was immediately cen-
trifuged for 5 min at room temperature at 1500 rpm (Thermo
Scientific centrifuge). Cells were then resuspended in FACS

buffer and ~100 μL of cell suspensions were divided and
added into the appropriate number of tubes (Falcon).
Subsequently, 100 μL of the primary and corresponding sec-
ondary antibody was added to each tube. Each incubation step
was followed by washing step with FACS buffer and centri-
fugation for 2 min at 2000 rpm. Cells were analyzed by
FACSCalibur flow cytometry (BD Biosciences, Franklin
Lakes, NY, USA) using The CellQuest Pro (BD
Biosciences, Franklin Lakes, NY, USA) program. The results
were processed using the Flowing Software (Turku, Estonia)
application and are shown as histograms showing the intensity
of used fluorescence.

Western blot analysis

Cellular extracts were prepared in RIPA lysis buffer supple-
mented with protease inhibitor and/or phosphatase inhibitor
cocktail set (Roche, Basel, CH).

Proteins were separated by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) and blotted onto
a PVDFWestern blotting membrane (GE Healthcare Limited,
Amersham, UK). Membranes were washed in Tris/HCl-
buffered saline (TBS), blocked with 5% non-fat milk for 1 h
at room temperature, and incubated with primary antibodies at
4 °C overnight. After 1-h incubation at room temperature with
horseradish peroxidase-coupled secondary antibodies, signals
were detected with enhanced chemiluminescence Amersham
ECL Prime Western Blotting Detection Reagent (GE
Healthcare Limited, Amersham, UK) according to standard
methods.

Virus-titer assay (plaque forming unit)

Cell culture supernatants were collected from infected cells
24 h after infection and transferred to primary MEFs as sus-
ceptible cell line generated from BALB/c mice. Number of
infectious particles in tissue-culture homogenates was deter-
mined by titration on monolayers of subconfluent MEF cul-
tures in 48-well plates using standard viral-plaque assay as
described (Reddehase et al. 1994). Titration was carried out
in three replicates and results were presented as number of
infectious virions (plaque per unit (p.f.u.)) and compared by
using the Mann–Whitney U test.

Real-time metabolism assay

ECAR and OCR measurements were made with an XF-24
Extracellular Flux Analyzer (Agilent Santa Clara, CA,
USA), proven in this cell line (Orihuela et al. 2016). A utility
plate containing calibrant solution (1 mL/well) together with
the plates containing the injector ports and probes were placed
in a CO2-free incubator at 37 °C over-night. The following
day cells were plated at 0.2 × 106 cells/well of a 24-well
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Seahorse plate (same-day seeding) with one well per row of
the culture plate containing only supplemented media without
cells, as a negative control. Before the assay, media was re-
moved from cells and replaced with glucose-, pyruvate-, and
glutamine-supplemented XF assay buffer (500 mL/well), and
the cell culture plate was placed in a CO2-free incubator for at
least 1 h. Inhibitors (oligomycin and carbonyl cyanide-
4-(trifluorome-thoxy)phenylhydrazone (FCCP) were added
to the appropriate port of the injector plate. This plate together
with the utility plate was run on the Seahorse for calibration.
Once complete, the utility plate was replaced with the cell
culture plate and run on the Seahorse XF-24. All cultivation
conditions were done in quadruplicates to obtain the mean
ECAR and OCR values provided in the results.

Statistical analysis

Statistical analysis was performed using Statistica v13 pro-
gram (TIBCO Software, Palo Alto, CA, USA). After
confirming normal distribution using the Kolmogorov-
Smirnov test, Student’s t test was used to compare two inde-
pendent samples. Signals of fluorescent dots were quantified
for each cell by Zen Blue imaging software (Zeiss,
Oberkochen, DE), with 10 images analyzed over four exper-
iments per each condition.

Results

Establishing a phenotype model of ramified BV-2
microglia cells

One of the main issues in in vitro microglia research is the
constant proinflammatory activated cellular state
(Timmerman et al. 2018). Therefore, our first goal was to
establish a model of quiescent microglia in order to study
further alterations towards its activation mode.

The experiments were performed on the immortalized BV-
2 microglia cell line, a proven replacement for the primary
microglia. These cells spontaneously show a dual phenotype
cultivated in the standard conditions. In order to obtain the
homeostatic conditions of microglia in vivo, we modified cul-
tivation conditions to achieve the phenotype with similar mor-
phological and functional characteristics as native microglia.

BV-2 microglia cells are conventionally grown in DMEM
supplemented with 10% v/v serum (10% fetal calf serum
(FCS)). After standard cultivation in the 10% DMEM, an
ameboid cell form was observed. This kind of morphology
is also present after culturing BV-2 microglia cells in the pri-
mary microglia cultured medium (not shown). Upon analyz-
ing the cultivation media, we found that one of the prime
constituents is Fetuin A, which is a known TLR-4 activator
(Pal et al. 2012). Thus, we determined that a change in media

composition is needed to induce cell branching correspondent
to a ramified shape in the native state of microglia cells. For
this purpose, the cells were cultured in the medium without
FCS to suppress their constitutive activation under standard
cultivation conditions.

Subtracting FCS from the growing medium caused a grad-
ual shift in cell morphology through the time course of 96 h in
serum free-media cultivation to a more ramified state (BV-
2øFCS), while the cells that were cultivated for long term in
the standard conditions with 10% FCS (BV-2FCShigh) retained
an ameboid morphology (Fig 1a). Cells viability in both cul-
tivation conditions was ≥ 95%.

After successful cellular differentiation into a characteristic
morphological cell phenotype, the next goal was to define the
immune-metabolic functional properties. We utilized the pro-
tein expression ofmolecules that are hallmarks of classical M1
activation state (inducible nitric oxide synthase (iNOS)), alter-
native M2 activation state (arginase-1 (Arg-1) and mannose
Receptor (CD206)) and of metabolic activity (hypoxia induc-
ible factor-1 alpha (HIF-1α)).

The results of the immunofluorescence point to a constitu-
tively high expression of iNOS in BV-2FCShigh cells (Fig. 1b),
indicating an increased NO production and associating M1-
like cell activation properties, unlike the decrease in iNOS
expression present in serum-free cells (BV-2 øFCS) (Fig. 1b).
The opposite is true for the expression pattern of the CD206
and Arg-1 molecules as the M2 anti-inflammatory markers
confirm the association of ramified cells with the quiescent
M2-like features of the resting cell phenotype. Inclusively,
BV-2FCShigh phenotype exhibits the high expression of distinct
activation markers, iNOS and HIF-1α, with the low expres-
sion of Arg-1 and CD206. This expression pattern was spec-
i f i e d a s a n a c t i v a t e d p r o f i l e ( iNOSh i g hArg -
1lowCD206lowHIF-1αhigh), while the BV-2∅FCS exhibited a
low expression of iNOS and HIF-1αwith a high expression of
Arg-1 and CD206. Therefore, removing the FCS from the
media resulted in a distinctive quiescent cell profile
(iNOSlowArg-highCD206highHIF-1αlow) (Fig. 1b).

To further characterize these cells, we used a real-time met-
abolic assay to assess the metabolic status that ended up re-
vealing a dramatic difference. The baseline metabolic poten-
tial of BV-2øFCS cells was mostly quiescent with minimal
metabolic activity (low OCR and ECAR), while the BV-
2FCS high cells were glycolytically active (low OCR and high
ECAR) (Fig. 1c). Both cell phenotypes had an equal metabol-
ic potential to respond to stimuli when exposed to stressors.
Therefore, after stressing the cells with FCCP and oligomycin,
there is a shift towards a more energetic state in both cell
cultures, with a similar increase of metabolic potential.
Particularly high metabolic activity was measured in HIF-
1α-positive BV-2FCShigh cells (Fig. 1c), wherein it modulates
energy metabolism leading to its inherent effect on the glyco-
lytic rate increase.
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BV-2 cell susceptibility to MCMV infection

After cells were uniformed within distinct phenotypes as-
sociated with BV-2∅FCS and BV-2FCS high we determined
the following for both cell types: (i) susceptibility to

MCMV infection, (ii) supporting of the viral replication,
and (iii) the productivity of infection. We infected the
cells prior to the experiments with both MCMV wild-
type (wt) Smith strain virus and MCMV/MCK-2 mutant
virus to compare the effectiveness of cell infection, since

Fig. 1 BV-2 microglia cells uniformed within a distinct phenotype. a
Different cell morphology phenotype of the murine microglial BV-2
cell line has been shown with the bright field /phase-contrast (left
panel) and immunofluorescence (IF) (right panel) images. The cells
were cultivated long term in two different conditions, in the DMEM
medium supplemented with 10% FCS (BV-2FCShigh) or without FCS
(BV-2øFCS) for 96 h prior to experiments. Differences in cell shape are
clearly visible as BV-2FCS high cells retain an ameboid round blob/
macrophage-like morphology, while BV-2øFCS shift to ramified/
branched/spider-like morphology (visible inside the window box frame).
In the IF images tubulin (anti-mouse Ab-conjugated with Alexa 488,
green fluorescence) is used for cytoplasmic andDAPI (blue fluorescence)
for nucleus staining. b Immunofluorescence of BV-2 microglial cells
cultivated for 96 h in DMEM without FCS (BV-2Ø FCS) exhibit distinct
quiescent cell phenotype associated with low expression of iNOS and
HIF-1α and high expression of Arg-1 and CD206 (iNOSlowArg-1bright/
highCD206highHIF-1αlow), unlike the cells cultivated with 10% FCS sup-
plementation (BV-2FCShigh) that exhibit activated phenotype

associated with high expression of iNOS and HIF-1α with low
expression of Arg-1 and CD206 (iNOShighArg-1lowCD206low

HIF-1αhigh) is specified with distinct markers of activation. IF images
(upper panel) and quantification analysis below each image (lower panel)
show in BV-2øFCS in BV-2FCShigh. Staining with secondary Abs
conjugated with Alexa 488 (green fluorescence) and Alexa 555 (red
fluorescence) were used as a negative control. Images magnification
was 40–×60. c Cell energy phenotype based on real-time metabolism
assay of BV-2 microglial cells reveals that the baseline metabolic
potential of BV-2ØFCScells (filled square) is mostly quiescent (low OCR
and ECAR), while the BV-2FCS high (dashed) cells are glycolytic (low
OCR and high ECAR). Cells were cultivated for 96 h in distinct
cultivated conditions and after stressing the cells with FCCP and
oligomycin there is a shift towards a more energetic state in both cell
cultures with a similar increase of glycolytic metabolic potential, while
the BV-2FCS high exhibit greater aerobic metabolic reserve (graphical
columns)
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it has been published that this viral chemokine promotes
the infection of the macrophage lineage in vitro and
in vivo (Wagner et al. 2013). The percentage of infected
cells with both viruses was comparable, so we continued
experiments with MCMV wt as a BV-2 cell-sensitive vi-
rus. We followed the kinetics of MCMV marker protein
expressions to assess the viral capability to infect the cells
and complete its replication cycle. The used viral protein
markers covered the three phases of the virus replication
cycle, starting from the immediate-early protein (IE1/
gp89), which was expressed in the cell nucleus (Busche
et al. 2008) and detected as two abundant Western blot
bands previously well characterized as phosphorylated
IE1 forms (Keil et al. 1985) (Fig. 2a, b). Further markers
used were early-phase (m04/gp34) (Berry et al. 2014)
(Fig. 2b) and the mid- to late-phase viral tegument protein
(m25) (Kutle et al. 2017) (Fig. 3b). In parallel, we used
the mouse embryonic fibroblasts (MEFs) to follow the
distinct parameters of MCMV infection representing our
previously established virus-cell interaction as a control
model in our laboratory. Most infected cells displayed a
distinctive round-shape morphology present in both cell
phenotypes (Fig. 2a), corresponding to the well-known
virus-induced cytopathogenic effect (Kutle et al. 2017).
This was particularly noticeable in the Breversion^ of the
ramified morphology in the BV-2∅FCS cells to an
ameboid-like morphology (Fig. 2a in box). Measuring vi-
ral infection marker expressions over a 24-h time period
revealed a slight delay in appearance and a higher degree
of protein expression by Western blot in the BV-2FCShigh

cells (Fig. 2b). However, the expression kinetics revealed
a significant delay for the appearance of all viral protein
compared to MEF cells (not shown).

Although the virus titer was displayed within a quite high
range on the log scale, the productivity of infection for both BV-
2 cell populations was lower than in MEF cultures (Fig. 2c).
The microglia shares the features of immune cells in the CNS
with the surface expression of MHC class I molecules as the
main properties of antigen-presenting cells to contribute to T
cell-mediated immunity (Malo et al. 2018). Therefore, we test-
ed the MCMV immunosuppressive mechanism based on
MHC-I downregulation as a molecular target for viral evasion
of immune response (Wagner et al. 2002). In baseline condi-
tions both BV-2∅FCS and BV-2FCShigh have a high surface ex-
pression of MHC-I, which MCMV reduces from the cell sur-
face (Fig. 3d), inducing theMHC-I immune-suppressed pheno-
type. On the other hand, MHC-II expression is non-existent in
baseline conditions, and readily increases in response to the
MCMV infection (Fig. 3d). Other analyzed cell surface mole-
cules were not modulated in infected cells (Fig. 3d) due to a
viral selective effect visible on the cell surface or an insufficient
screening for viral cell surface molecular targets on the cell
membrane.

MCMV induces immune-suppressive
and metabolically activated phenotype in microglia

Our next goal was to determine whether the virus modulates
the activation and metabolic state of the cells, along with the
previously mentioned immunomodulation.

We analyzed the expression of protein markers, iNOS,
Arg-1, CD206, and HIF-1α in MCMV-infected cells 24 h
post-infection to elucidate the virus-induced changes as-
sociated with the cell activation (Fig. 3a). In BV-2∅FCS

cells the iNOS/Arg-1 expression was modulated leading
to a reversal of the iNOSlowArg1high phenotype compared
to the uninfected cells (Fig. 3a). This molecular expres-
sion turnover indicates the viral potential to induce the
changes in cellular proteomics to gain specific resources
for its own biosynthesis needs. Arg-1 overall expression
in infected cells was not significantly altered compared to
uninfected cells; however, most infected cells had an ap-
pearance of distinct nuclear localization and an expression
pattern that was not present in the non-infected cells (Fig.
3a). An Arg-1 nucleolar localization was specified in co-
localization experiment performed by overlapping with
the both nucleolar viral marker proteins, E-1, that we used
as a an early nucleolar-expressed viral protein (Bühler
et al. 1990) (not shown) and m25 nucleolar-expressed
protein in the mid to late phase of infection (Kutle et al.
2017). Accumulation of highly expressed Arg-1 distribut-
ed in a punctuate form within the nucleolus occurred in
the mid to late phase (12–16 h) of infection, with the
coexpression of m25 viral protein (Fig. 3b). At the same
time, we observed larger non-infected cells exhibiting
even higher levels of iNOS expression surrounded by
the infected cells (Fig. 3a). To support this belief, we
added IFN-γ to the cell cultures and induced changes
reflected with more ramified morphology and a significant
increase of iNOS expression (supplementary data).
Additionally, the cells pretreated with IFN-γ were less
permissive to MCMV infection, indicating that paracrine
IFN-γ signaling is required to induce a cell’s defensive
mode against infection (supplementary data). On the con-
trary, MCMV infection did not change the expression of
CD206 (Fig. 3a, d), indicating that the virus does not alter
the cell activation state in the Bcommon sense^ of
microglial polarization. At the same time, BV-2FCShigh

c e l l s we r e qu i t e un i f o rmed in exh ib i t i ng the
iNOShighArg1midCD206high phenotypic characteristics.
All infected cells exhibited high expressions of HIF-1α
in both cultivation conditions, indicating a metabolic tran-
sition towards aerobic glycolysis within a metabolically
activated phenotype (Fig. 3c) that usually occurs in mi-
croglia cells as well upon danger stimuli (Burns and
Manda 2017). We confirmed that infected cells have an
increased baseline glycolysis, but also less spare
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glycolytic potential due to their metabolic activation (Fig.
3c) by using a real-time metabolic assay.

Finally, this data indicates that MCMV infection signifi-
cantly alters the immunometabolic phenotypic properties of
BV-2 microglia cells.

Discussion

In basal homeostatic in vivo conditions microglia cell morphol-
ogy is predominantly ramified, with slight differences regarding
their location in the brain (Fernández-Arjona et al. 2017). We

Fig. 2 BV-2 microglial cells susceptibility to murine cytomegaloviral
infection. a Detection and nuclear localization of MCMV immediate-
early 1 (IE1) protein in the microglial BV-2 cells as a marker of infection.
BV-2 microglial cells were infected by MCMVat 10 m.o.i. and immuno-
stained with a primary antibody directed against the MCMV-IE1 and a
secondary Alexa Fluor 555 labeled antibody (red signal) at 24 h post-
infection. Tubulin was used for cytoplasmic counterstaining (green
signal) and DAPI for nuclear staining (blue signal). Immunofluorescent
staining was performed for the control at the same time point. Original
magnification was ×40. The representative cells are posted inside the
window box frames displaying a distinct morphology of BV-2ØFCS and
BV-2FCShigh cells. Notable characteristic cytopathogenic effects of
MCMV infection can be seen in progressive morphology changes that
occur in infected cells in later time frames, which obtain distinctive ame-
boidmorphology. bDelayed expression kinetics ofMCMV-IE1 and early

protein (m04) in BV-2 cells. Western blot analysis of viral infection
marker protein IE1 and early infection protein (m04) in infected BV-2Ø
FCS cells show that the expression of IE1 starts at 4 h followed by the
expression of m04 at 8 h p.i. In parallel the expression of IE1 in infected
BV-2FCShigh starts at 6 h followed by the expression of m04 at 12 h p.i.
Actin was used as a loading control. c Productive infection in BV-2 cells.
Third-passage mouse embryonic fibroblasts (MEFs), prepared from
BALB/c mice as well as BV-2ØFCS and BV-2FCShigh, were infected with
the Smith strain wild-type MCMV at 10 m.o.i. Supernatants were har-
vested 24 h. p.i., and virus titers were determined by a standard plaque
forming unit (p.f.u.) assay.Mean values of three independent experiments
and SEM values of four replicates are shown. All cells supported the
replication of MCMV with extracellular production of virus by 24 h p.i.
and virus titer (up to 105–108) reached a maximum day 3 post-infection
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Fig. 3 Immunometabolic changes induced in BV-2 microglial cells upon
murine cytomegaloviral infection. a Immunofluorescence of infected
BV-2 microglial cells cultivated in two different conditions, in DMEM
media supplemented with 10% FCS (BV-2FCShigh) or without FCS (BV-
2∅FCS). Viral infection causes an increase of iNOS in non-infected cells
surrounding the infected ones, while the infected cells themselves do not
exhibit an increase in iNOS expression in BV-2∅FCS cells. Furthermore,
Arg-1 and HIF-1α expression was significantly increased in both culti-
vated conditions upon cytomegaloviral infection, while the expression of
CD206 was unchanged. Therefore, the infected BV-2∅FCS exhibited an
iNOSlow, Arg-1high, CD206high, and HIF-1αhigh phenotype, while the
infected BV-2FCShigh exhibited an iNOShigh, Arg-1mid, CD206low, and
HIF-1αhigh phenotype. b Nucleolar expression of Arg-1 is present in
infected BV-2 microglia cells, confirmed by the colocalization with the
nucleolar viral infection markers (E1 and m25). Characteristic Arg-1

nucleolar-associated expression in a dotted-shape form appears in cells
from the 12–16 h marked (shown in box) and present in all cells
expressing positive m25 viral protein till the end of viral replication cycle.
c Cell energy phenotype of infected and non-infected cells, based on the
real-time metabolism assay, reveals a statistically significant increase in
aerobic and anaerobic metabolism in infected BV-2FCShigh cells. The
same occurred in BV-2∅FCS, albeit at smaller scale, as the cells
remained mostly quiescent. d Flow cytometry analysis of cell surface
markers confirmed the expression of CD206 previously shown with
immunofluorescence. CD16/32 was slightly downregulated in
infected BV-2∅FCS and BV-2FCShigh compared to control. A similar
downregulation can be seen in the MHC-I surface expression, while
MHC-II was upregulated upon cytomegaloviral infection in both
cultivation conditions
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found that adjusting the cultivation conditions by cultivating
cells in serum-free medium causes a gradual shift in morphol-
ogy towards a more ramified state. Recent studies confirm that
serum exposure greatly alters microglia morphology and func-
tion, similar to our observation (Bohlen et al. 2017). As men-
tioned earlier, we hypothesize that this could be due to one of
the prime constituents of FCS, Fetuin A, which is a known
TLR-4 activator (Pal et al. 2012). However, it is difficult to test
which constituent could be responsible for this effect due to the
differences between each batch of FCS (Gstraunthaler et al.
2013). With the purpose to characterize these cells we have
tried to achieve an appropriate condition as close as possible
to those found in basal homeostatic state in vivo. Thus, microg-
lia was characterized by morphological features that in a quite
good extent reflect their functional capacity. Along with the
observation that activation state affected microglia morphology
we also found distinct changes in the phenotype with BV-2FCS
high cells displaying a iNOShighArg-1lowCD206lowHIF-1αhigh,
wh i l e the BV-2∅FCS exh ib i t ed a iNOS l owArg-
1highCD206highHIF-1αlow. By using this approach, cells were
uniformed within differently associated phenotype.
Expressions of markers in BV-2FCS high are consistent with
numerous studies that point out the importance of iNOS in
microglial activation wherein iNOS does indicate a pro-
inflammatory phenotype, while the opposite is true for quies-
cent ramified cells (Pawate et al. 2004; Sierra et al. 2014).
Metabolic activity to sustain such a state is fuelled by increased
glycolytic metabolism via HIF-1α, as a strong enhancer of
glycolysis (Wang et al. 2017), whose expression was increased
in the BV-2FCS high compared to the BV-2∅FCS cells in our
study. On the other hand, removing the serum from the media
increased the expression of Arg-1 and CD206, markers com-
monly used to indicate a repair and regeneration phenotype
(Chhor et al. 2013; Cherry et al. 2014). Lastly, we wanted to
confirm the distinct phenotypes with a metabolic analysis, since
cell metabolism states greatly dictate the possible function of
macrophages and microglia alike (Zhu et al. 2015). The BV-
2FCS high cells exhibited a metabolically active, glycolytic state,
consistent with a pro-inflammatory phenotype described by
Orihuela et al. (2016). Curiously, the BV-2∅FCS displayed a
complete quiescent profile with general metabolic inactivity,
which is not consistent with the high oxidative metabolism of
the regenerative phenotype that we initially anticipated
(Orihuela et al. 2016; Galván-Peña and O’Neill 2014).

In our study, cells retained the metabolic potential upon
stimulation in both cultivating conditions, so we expected
them to be fit for further experiments with MCMV infection.

Despite common beliefs that the steady-state microglia is stat-
ic, recent studies have characterized the quiescent phenotype as
quite a dynamic state (Lively and Schlichter 2013) characterized
by an increased expression of oxidative genes that could favor
cellular defense against viral attacks. This could explain the
weaker expression of the IE1 and m04 viral proteins during the

viral replication cycle followed by a slightly lower productivity
of infection in quiescent BV-2∅FCS cells (Fig. 2b, c). Otherwise,
the glycolitically active BV-2FCShigh cells exhibit a delayed IE1
expression indicating a lower cell susceptibility to MCMV. This
was followed by higher IE1 and m04 protein expression and
ultimately higher productivity of infection (Fig. 2b, c). Thus,
similar to cellular requirements for metabolic changes in shifting
from a quiescent to a proliferating state, the virus also demands
metabolic adaptations regarding energy utilization andmitochon-
drial energetic modulation (Sanchez and Lagunoff 2015). Other
metabolomic studies have described a close relationship between
viral components of different viruses with themitochondrion as a
metabolic factory of the cell (El-Bacha and Da Poian 2013).
Differences in cell susceptibility to viral infection between BV-
2FCS high and BV-2∅FCS could be associated with their distinct
M1- and M2-like phenotype based on the metabolic program
altered by virus-cell interaction. Divergent cell permissiveness
has been reported in HCMV infection model of human macro-
phages with optimal susceptibility in M2 polarized macrophages
(Poglitsch et al. 2012).

In comparison to the primary murine microglial cells that are
confirmed to be fully permissive to MCMV replication with
supportive productive infection (Schut et al. 1994), we found that
the BV-2 microglia cell line is much less susceptible to MCMV
infection. This is also evident in regard to the mouse embryonic
fibroblasts as a comparative model for MCMV-cell biology,
which is well characterized in our laboratory. In MCMV-
infected fibroblasts we investigated downregulated MHC-I cell
phenotype as a result of the viral immune evasive proteins that
account for MHC class I degradation and intracellular retention
(Kučić et. al), which correlates with the decreased MHC-I ex-
pression in MCMV-infected BV-2 microglia cells (Fig. 3d).
Additionally, upregulated MHC-II phenotype was present in
BV-2-infected cells. Furthermore, viral and metabolic cell
reprogramming that underlies the affected cell immune status
refers also to the cell activation state that is not strictly covered
by M1/M2 microglial polarization profile.

Interestingly, non-infected BV-2∅FCS cells surrounded by in-
fected BV-2∅FCS cells exhibited a much higher iNOS expression
compared to control or infected cells. We hypothesized that this
could be the cause of this increased expression as a paracrine
defense mechanism knowing that microglia can secrete IFNγ as
a defense mechanism against other viral infections (Tsai et al.
2016). IFNγ-stimulated cells exhibited a high expression of
iNOS and M1-like properties to induce a cell’s defensive mode
against infection (supplementary data), similar to those found in
the literature (Schut et al. 1994). Furthermore, IFNγ precondi-
tioning increases the resistance of BV-2 microglial cells to
MCMV infection in both cultivation conditions (supplementary
data), which is an already known effect of IFNγ prestimulation
(Schut et al. 1994) and a defense mechanism that could be a
possible reason for high iNOS expression. It is also known that
IFNγ inhibits murine cytomegalovirus infection by blocking the
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viral immediate-early promoter activity (Kropp et al. 2011), as a
part of a defensive reaction against the virus in primary macro-
phages. Therefore, the increased iNOS expression in the non-
infected BV-2∅FCS appears to be induced by the nearby cells as
protection against spreading of the viral infection. It is important
to note that this inhibition, which occurs through synergistic IFN
signaling, is known to be completely reversible and could have
implications in establishing CMV latency (Dağ et al. 2014).

Furthermore, an increased accumulation of Arg-1 was ob-
served in the nucleolus of infected cells, starting from 6 h post-
infection. To our best knowledge, there is no research covering
this specific localization of Arg-1, other than Monty et al. who
mentions that a portion of this enzyme in the liver has nucleolar
localization (Monty et al. 1956). Arg-1 is known for its role in
metabolizing arginine to ornithine (Chang et al. 1998), a function
that causes a depletion of substrate for nitric oxide synthases
(NOS) and a decrease in nitric oxide (NO), which plays an im-
portant role in wound healing and immune response (Witte and
Barbul 2003). Arginine metabolism in general plays a crucial
role in shaping both innate and adaptive immunity, and an in-
crease in Arg-1 expression does shift the cell towards a more
anti-inflammatory state with increased synthesis of polyamines
and proline (Rodriguez et al. 2017). Interestingly, recent studies
have shown that two isoforms of arginase are involved in regu-
lation of arginine metabolism (Morris 2009). Arg-1 plays an
important role in viral infections, as a genetic ablation of Arg-1
in macrophages enhances viral clearance (Stoermer et al. 2012).
Furthermore, Arg-1 upregulation can be seen in hepatitis C virus
as well, which contributes to the viral carcinogenesis in the liver
(Cao et al. 2009). For HCMV infection has been shown to up-
regulate arginase-2 (Arg-2) in endothelial, which is a mitochon-
drial enzyme with similar functions to Arg-1 (Yaiw et al. 2014).
Arg-1 nucleolar expression in our study was seen in all cells with
a positive viral m25 protein expression (Fig. 3b), indicating that
the accumulation precedes a shift to middle-late infection phase
and could be an important step for viral replication, bearing in
mind that viruses must activate the appropriate biosynthetic path-
ways for synthesis of a new virion. Taken together, it seems that
Arg-1 has a function in both the metabolic regulation of cell
activity and polarization towards M2-like phenotype, along with
a role in MCMV infection that needs to be thoroughly explored
and assessed with the aim to determine whether modulation in
arginine metabolism benefits the host or the virus. Conclusively,
metabolism directly regulates immune functions in infected im-
mune cells towards appropriate immune-metabolic phenotypes.

Conclusions

& Morphological features of BV-2 microglia cells reflect
their functional capacity (cells cultivated without FCS,
BV-2∅FCS go through a morphologic and functional shift
towards an quiescent M2-like ramified state).

& Distinct cell phenotype was associated with the activated
BV-2FCS high cel ls displaying a iNOShighArg-
1lowCD206lowHIF-1αhigh, while the quiescent BV-2∅FCS

cells exhibited a iNOSlowArg-highCD206highHIF-1αlow

phenotype.
& BV-2FCS high cells exhibited a metabolically active, glyco-

lytic state, consistent with a M1-like pro-inflammatory
phenotype were less permissive to MCMV infection than
metabolically inactive, quiescent BV-2∅FCS cells, consis-
tent with a M2-like as an MCMV-permissive phenotype.

& Although the expression strength does not change signif-
icantly in infected cells, they exhibit a special Arg-1 nu-
cleolar pattern in both cell phenotypes.
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