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1. Introduction

Bovine alphaherpesvirus 1 (B
and antigenically related, belo;

but also in peripheral b
Favier et al., 2014

édico Zajac et al., 2010;
ler et al., 2000). These

ajor mechanism used by vertebrates to combat viral
infections, theré eading to cell death and pathogen elimination
(Elmore, 2007). Ap@@gsis is triggered in two ways: intrinsic and ex-
trinsic pathways (Zhou et al., 2017). Extrinsic pathway activation de-
pends on a variety of external factors, such as cytokines, toxins, or li-
gand binding to the death receptor on the cell surface. The intrinsic
apoptosis pathway is triggered by cell stress, such as the presence of
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viral proteins, DNA damage or oxidative stress, leading to the activation
of molecules on the mitochondrial membrane (El-Bacha and Da Poian,
2013; Zhou et al., 2017).

Mitochondria are directly implicated in several host-viral responses
and represent organelles that participate in major early anti-viral im-
mune responses through changes in their metabolism (Ohta and
Nishiyama (2011); West et al., 2011). The association among viral in-
fection, mitochondrial dysfunction and apoptosis has been investigated.
Viral infection may interfere with mitochondria bioenergetics by af-
fecting cellular respiratory function, and in some cases, viral proteins
can be inserted in mitochondrial membranes leading to anti-and/or
pro-apoptotic effects, directly affecting cell survival and/or death
(Galluzzi et al., 2008; Ohta and Nishiyama (2011); West et al., 2011).

This study investigated the susceptibility of bovine macrophages to
BHV 5 infection, by studying cell viability and cell growth kinetics upon
in vitro infection. In addition, characterization of cell survival, nitric
oxide and production of reactive oxygen species (ROS) associated with
mitochondrial dysfunction were analyzed.
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2. Materials and methods
2.1. General information and animals

Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA),
Invitrogen (Carlsbad, CA, USA), Thermo Fisher Scientific (Carlsbad, CA,
USA) and Applied Biosystems (Foster City, CA, USA). All culture dishes
and flasks were purchased from BD Falcon (Bedford, MA, USA) unless
otherwise specified. Five healthy Nelore cows (Bos indicus) aged 5 years
were used for blood collection. Work involving animals was conducted
in accordance with the recommendations in the institutional guidelines
and approved animal care and use committee (FMVA - 154829-8)
protocols at Sao Paulo State University, Brazil. The other experiments
were carried out in accordance with the COBEA approval. All animals
were maintained under the same environmental conditions and nutri-
tional regimes. Blood sampling was performed by two veterinarians and
tested for BHV1 and BVHS5, and BVD pathogens by molecular assay. A
total of four hundred ml of blood collected from jugular vein of each
animal were stored in glass bottle with sodium citrate as anticoagulant.
The monocytes isolation was performed as described below.

2.2. Monocytes isolation and monocyte-derived macrophage generation

Bovine peripheral blood mononuclear cells (PBMCs) were isolated
by centrifugation on a Percoll density gradient as described
(Bannantine et al., 2015). Briefly, blood was layered onto 50 ml conical
tubes containing Histopaque 1077 (Sigma-Aldrich) following density
gradient centrifugation (500 X g for 20 min) at room temperature and
PBMCs were collected. Thereafter, PBMCs were washed twice, stored
diluted in sterile phosphate buffered saline (PBS; Invitrogen) and sub-
mitted to CD14+ cells separation following the procedure des
below.

CD14 + cells were extracted by positive selection of monocyte
react using mouse anti-human CD14 antibody according

Inc., Hercules, CA, USA) according to
monocyte derived-macrophage gene
seeded at 2 x 10° per well in 12-
Dulbecco's Modified Eagle medj

B-mercaptoethanol (Sig
differentiate into_g erived-macrophages phe-

analysis searching CD14 +

s also verify by phase contrast
istry using Cy3.3-labeled conjugated
( ocedure was followed previous study
(Cardoso et al.,

2.3. BHVS5 Infection, antigen detection, virus titration and partial viral DNA
amplification

After three consecutive passages, confluent monocyte-derived
macrophages were used in all described experiments. BHVS5 strain used
for monocyte derived-macrophage infection BHV5 SV507/99, was
supplied by Prof. Eduardo Furtado Flores, UFSM, Santa Maria, RS,
Brazil. Cells were cultured to 80% confluence in Lab-Tek® chambers
slides (BD Falcon™) and inoculated with 100 ul of BHV suspension
(1032 TCIDso/ml), corresponding to a multiplicity of infection (m.o.i.)
of approximately 1. Viral suspensions were allowed to adsorb for 1 h at
38.5 °C, followed by inoculum removal and addition of culture medium.
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Uninfected cells were used as control and non-adherent cells and media
were harvested at 24, 48 and 72 h p.i, by treatment with 0.25% trypsin
(Sigma-Aldrich) for all experiments performed in triplicate. The effec-
tiveness of BHV5 replication was assessed by immunocytochemistry,
virus recovery and viral genome amplification.

First, immunocytochemistry was performed with BHV5 monoclonal
antibody 2 F9 produced against gC BHVS5 structural protein as described
previously (Varela et al., 2010; Cardoso et al., 2015). The cells were
fixed with 4% of paraformaldehyde, incubated with primary antibody
at 1:50 and washed three times with PBS plus 0.1% Triton X-100. Next,
a 1:50 dilution of the secondary antibody was added to100 pl of cell
suspension, and was then incubated at 37’ 0 min. In order to

er confluence at 80% and multiplicity of infection
n was allowed for 90 min at 38.5 °C, then the in-

HV5 recovery was performed by infecting MDBK cells as de-
viously (Cardoso et al., 2015). All experiments were re-
peated three times and infectious titres were calculated according to the
Spearmann-Kérber method described before (Cardoso et al., 2015).
Upon harvesting at 24, 48 and 72 h p.i., total DNA from infected and
non-infected monocyte derived-macrophage cultures was extracted
using DNAzol ™ according to manufacturer’s instructions (Invitrogen).
An average of 100 ng of genomic DNA was used for qPCR as described
previously (Silva-Frade et al., 2014). The primers, respective probes
and all procedures were followed as described previously (Diallo et al.,
2011; Silva-Frade et al., 2014). The reaction was carried out and ana-
lyzed by the software on a StepOnePlus™ real time instrument (Applied
Biosystems). The expression of the housekeeping Histone 2a gene
(H2 A) was included for normalization (Cardoso et al., 2016a). The viral
DNA level at corresponding time point in infected and uninfected cells
was quantified in comparison to the housekeeping gene. The com-
parative delta-delta Ct method was used to analyze the results.

2.4. Proliferation and viability MTT assay

Cell proliferation/viability analysis was performed using an In Cell
Proliferation Assay® Kit (Sigma-Aldrich), an MTT ([3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]- colorimetric
based assay. Infected and non-infected monocyte derived-macrophage
cells and respective medium were harvested at 24, 48 and 72h post-
infection (p.i.) and 2 ml of MTT (tetrazolium salts) was added following
the manufacturer’s recommendations (Sigma-Aldrich). Absorbance was
measured at 600 nm with a Biophotometer (Eppendorf’, Hamburg,
Germany). All reported values are means of triplicate samples.

2.5. Determination of nitric oxide production and apoptosis
After 24, 48 and 72 h of BHV5 infection, nitrite (i.e., the stable by-

product of nitric oxide generated by phagocytes) was measured in all
cell culture supernatants according to Nitrite/Nitrate assay kit (Sigma-
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Aldrich). Brief, fifty microliters of supernatant was mixed with 200 pL
of Griess reagent (1% sulfanilamide, 0.1% napthylethylenedamine di-
hydrochloride, and 2.5% H3PO,) and incubated at 25°C for 10 min.
Absorbance was determined at 540 nm, converted to uM concentrations
and results compared to a standard curve.

To evaluate apoptosis, the same macrophage culture conditions
were used. Flow cytometric analysis of apoptosis/necroptosis and ROS
production were acquired using an Attune acoustic focusing cytometer
system at 24, 48, and 72h after BHV1 and BHV5 infection (Applied
Biosystems). Apoptosis/necroptosis was measured using a double
staining method APO-BrdU TUNEL Assay Kit (Molecular Probes,
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a fted as variation mean of positive fluorescent signals (A), D and E) Control and BHVS5 infected cells under immunofluorescence
W gC antlgen respectively; F) Percentage of BHV5 infected cells showing an increase during times after infection obtained in flow cytometer
pss of cell proliferation, increase of BHV 5 titres and genome transcription during infection, respectively.

Eugene, OR, USA) according to manufacturer’s instructions. The dif-
ferentiation of early apoptotic, secondary necrotic, necroptotic, and
viable cells was made according to their phenotype: BrdU + /PI — cells
were considered early apoptotic, BrdU—/PI + were considered ne-
croptotic, BrdU+/PI + were considered secondary necrotic, and
BrdU — /PI — were considered viable cells. The results are expressed as
A % of each cell phenotype.

2.6. Mitochondrial membrane potential, complex I and ROS evaluation

Cell mitochondria were isolated by procedure based on
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Table 1
Proportion of BrdU/PI labeled monocytes derived-macrophage cells after 24, 48 and 72h of BHV5 infection.
Dead Secondary necrotic Early apoptotic Viable
(% = sd) (% = sd) (% = sd) (% = sd)
(BrdU-/PI+) (BrdU + /PI+) (BrdU + + /PI-) (BrdU-/PI-)
24 h 1.7 = 3.8 3+x10 6.6 = 6.0 88.7 + 1.3
48 h 1.2 £ 15 1.3 £ 29 5.8 = 4.7 91.7 = 3.6
72h 6.8 = 49 9 £ 09 7.4 = 3.9 76.8 = 7.9
control 56 = 1.2 0.5 £ 0.1 5.0 = 0.6 88.9 + 7.8
staurosporine 70 * 9.7 16 = 2.3 10.7 = 2.7 33 = 1.7

mitochondria isolation kit for profiling culture cells MITOISO2 (Sigma-
Aldrich).

To perform the mitochondrial membrane potential assay, 2 x 10°
infected and mock infected cells were incubated with 10 pg/ml of JC-1
(5,5%,6,6 " -tetrachloro-1,1,3,3"-tetrathylbenzimidazolyl-carbocyamine
iodide; Molecular Probes,) for 10 min at 37 °C and analyzed by acoustic
flow cytometry performed in the dark as described by a previous study
(Ferrarezi et al., 2013). The staurosporine (Sigma-Aldrich) was used as
positive control to mitochondrial membrane depolarization as de-
scribed previously (Cardoso et al.,, 2015). Mitochondrial complex I
(NADH dehydrogenase) activity production by macrophages infected
by BHV5 at 24, 48 and 72 h was measured as previously described (Da
Silva et al., 2018). Briefly, complex I activity was determined in BHV5
infected-macrophage lysates in 24-well plates. In the presence of
NADH, electrons are transferred from complex III to cytochrome c re-
sulting in an increase in absorbance at 550 nm. This reaction was
blocked by rotenone, a specific inhibitor of complex I activity. The
activity of complex I was determined by comparison of the curve’s slope
before and after the addition of rotenone.

2.7. ROS evaluation, ATP levels and oxygen consumption

peroxidase, Amplex red reagent reacts with hydyg
by the BHV5 infected cells. The product of thi

manufactlrer’s re-
using Lucetta™
en consumption

commendation. Biolumines
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ry substrates in the absence (state-
j of 400 nmol ADP. CCCP
(m-chlorophe

2.8. Statj

All expe
Descriptive stat
p-value < 0.005 wa
performed using Pris

ts were performed at least in quadruplicate.
include the mean =+ standard deviation (s.d.). A
sidered significant. All statistical analyses were
software (GraphPadQ, CA, USA).

3. Results
3.1. Cell survival and virus replication

The morphology of monocyte derived-macrophage cell culture vi-
sualized under inverted phase-contrast microscopy revealed rounded
cells as a unique cell type after microbeads isolation (Fig. 1A). Im-
munocytochemistry labelling CD14-Cy3.3 on fixed cells showed the
monocytes derived-macrophages phenotype in of the cells undergoing
the first passage (Fig. 1B). In addition, flow cytometer analysis

demonstrated that 98.32% of the cells
CD14 + at the first passage in vitro (Fig.
the cells were considered monocyte
and express CD14+ and MHC

ered positive for

percentage of infected ¢
an increase of positiye

trasting with BHV5 titres
increased progressively re-
g. 1H and I, respectively). These
replication of BHV5 in bovine macro-
f cell viability. Decrease of cell viability,

TUNEL Assay was applied in attempts to characterize
effects of BHV5 infection in macrophage survival and death. The
able 1 shows that the number of early apoptotic cells did not
iffer stdtistically at different post-infection periods. On the other hand,
at 72 h p.i, the percentage of dead and secondary necrotic cell increased
in comparison with uninfected cells used as controls, but lower than
monocytes derived-macrophages exposed to staurosporine used as po-
sitive control (Table 1). Therefore, the set of experiments described next
were performed to evaluate alterations on mitochondrial function.

The mitochondrial membrane depolarization measured by detection
of JC-1 complex revealed an increase, according to the progression of
infection, similar to the results observed by the use of staurosporine
(Fig. 2A). Complex I activity was intense at all three post-infection
points (Fig. 2B). The same phenomenon was observed when ROS and
ATP content were quantified (Fig. 2C and D), contrasting with oxygen
consumption, which decreased from 24 to 72h p.i. (Fig. 2E). Macro-
phage activity was measured by NO production, which showed an in-
crease according to the time post-infection (Fig. 2F). These experiments
confirm that BHV5 replication induces macrophage early, secondary
and necrotic apoptosis damage at 72 h p.i. followed by NO production,
affecting probably mitochondrial membrane depolarization, activation
of complex 1 from respiratory chain and consumption of ATP followed
by ROS release.

4. Discussion

Tonsils are lympho-epithelial immunocompetent tissues strategi-
cally located in areas surrounding the main local of penetration and
primary replication of BHV1 and 5 in natural infections (Pérez et al.,
2005; Favier et al., 2014). However, little information is available
about which immune cells are targets for virus infection. Macrophages
are among the most important antigen presenting cells and participate
in the early, primary response against virus infection. Bomac cells, a
bovine transformed macrophage lineage have been used as an in vitro
model to study host-pathogen interactions (Biirgi et al., 2018). How-
ever, primary bovine macrophages present an obvious advantage for
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Fig. 2. Mitochondrial bioenergy and function analysis of monocytes derived-macrop
virus infection; B) Activation of mitochondrial complex I; C and D) Increase of ROS
increase in contrast to NO after BHV5 infection.

such studies since they probably better reproduce in vitro situatio
more convenient to work with, display less variability and are no
netically manipulated (Biirgi et al., 2018). Thus, primary boV
monocytes derived-macrophages were chosen to evalug
plication and interference on cell metabolism.
Apoptosis is a major way of programmed cell ¢
infection and may be elicited by virus infection
sitive influence on replication (Zhou et al.

e ATP produced relies upon an intact and efficient ETC, the
activity of four key proteins that make up the redox carrier, named
complex I-IV, and the surface area of cristae (El-Bacha and Poian,
2013). Membrane potential (AWm) is also critical for the generation of
ATP and loss of AWm leads to ATP depletion within the cell thereby

been demonstrated that BHV5 can induc contributing to cell death.

depending on the cell type (Brenner . ; Si . The results obtained herein using mitochondria energized with
2014; Cardoso et al., 2015, 2016 pyruvate (electron donors to complex I) showed that BHV5 replication
that BHV5 is able to productiv i i i inhibits state-3 respiration, which involves mitochondria, ADP, and a
monocyte derived-macropha iti respiratory substrate; and the speed of ADP phosphorylation is the

secondary necrotic and ea; limiting factor of the process. The activation observed in the complex I
10%in comparison wit . le cells. These findings suggest indicates that BHV5 replication has a direct action on the electron
that BHV5 infection 1€ or delay in apoptosis in bovine transport chain in infected macrophage cells; however, it cannot be

monocyte derived-macro means to produce suf- ruled out that virus replication events interacts with the oxidative
ficient progeny viral replication. Similar phosphorylation system (FoF; ATPase and/or ADP/ATP translocator).

results werg in Vi ced bovine embryos were ex- Complex I (NADH ubiquinone oxidoreductase) accepts electrons from
posed to, ; Silva-Frade et al., 2014). How- reduced nicotinamide adenine dinucleotide (NADH), while complex II
ever, whe¥ e infected by BHV5, apoptosis was (succinate dehydrogenase) accepts electrons from reduced Flavin ade-

evident during ction (Cardoso et al., 2015). nine dinucleotide (FADH,). Complex III (ubiquinol-cytocrome ¢ oxi-

Regarding tQ@mitochondrial function, our results showed that doreductase) is responsible for electron transfer between ubiquinone to
membrane depola jon was synchronous with BHV5 replication and cytochrome c. Finally, complex IV (cytochrome oxidase) promotes oxi-
NO and ROS productfon. In addition, ROS is mainly originated from dation of cytochrome ¢ and reduction of molecular oxygen to water. The
NADPH oxidases and mitochondria. Overproduced cellular ROS or energy derived from the electrons transfer is related to complex I, I and
oxidative stress are factors that influence disease outcome. In this re- IV that produce cell energy. Based on this, it may be speculated that
spect, BHV1 replication in MDBK (Madin-Darby bovine kidney) cells BHV5 infection may impair the electron transfer by high activating
resulted in an increased in ROS production, which seems to be crucial complex I, producing reactive oxygen species in excess but not acti-
for virus replication (Zhu et al., 2016). Previously, high ROS production vating apoptosis and/or necrosis at high levels. Further studies should
was also observed in neuronal and glial-derived tumor cells infected by be performed to investigate the interaction by macrophage mitochon-
BHVS5 (Cardoso et al., 2016b). dria regulation and innate and inflammatory network during BHV 5

It is conceivable that mitochondria are potential targets for some infection.

viruses that are able to induce damage to complex I (NADH dehy-
drogenase). To our knowledge, our data are the first to demonstrate
that BHV5 infection of immune cells activates mitochondrial membrane
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5. Conclusion

In summary, our results demonstrate that BHVS5 replication in cul-
tured bovine macrophages apparently does not alter the tested para-
meters in comparison to untreated cell with staurosporine. The per-
centage of viable cells was close to the controls in spite of high levels of
mitochondrial damage, especially activation of complex I. Indeed, the
results obtained in this in vitro study support the implication of BHV5
infection on mitochondrial metabolism and the ability of the virus to
maintain productive replication during the process.
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