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Abstract Bovine viral diarrhea virus (BVDV) is a
member of the genus Pestivirus, family Flaviviridae, and is
one of the most widely distributed viruses in cattle
worldwide. Approximately 60 % of cattle in endemic areas
without control measures are infected with BVDV during
their lifetime. This wide prevalence of BVDV in cattle
populations results in significant economic losses. BVDV
is capable of establishing persistent infections in its host
due to its ability to infect fetuses, causing immune toler-
ance. However, this cannot explain how the virus evades
the innate immune system. The objective of the present
work was to test the potential activity of E2 as a comple-
ment regulatory protein. E2 glycoprotein, produced both in
soluble and transmembrane forms in stable CHO-K1 cell
lines, was able to reduce complement-mediated cell lysis
up to 40 % and complement-mediated DNA fragmentation
by 50 %, in comparison with cell lines not expressing the
glycoprotein. This work provides the first evidence of E2 as
a complement regulatory protein and, thus, the finding of a
mechanism of immune evasion by BVDV. Furthermore, it
is postulated that E2 acts as a self-associated molecular
pattern (SAMP), enabling the virus to avoid being targeted
by the immune system and to be recognized as self.
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Introduction

Bovine viral diarrhea virus (BVDV) is a member of the
genus Pestivirus, family Flaviviridae. This virus family
comprises many human pathogens of current relevance,
such as dengue virus (DENV), West Nile virus (WNV),
yellow fever virus (YFV) and hepatitis C virus (HCV).
Because of logistical difficulties and the absence of effec-
tive vaccines in many cases, BVDV has been proposed as a
surrogate model for studying the biology of members of
this virus family [1].

BVDV infects animals of the order Artiodactyla,
which includes cattle, sheep, camelids, antelopes and
deer. It is now recognized that BVDV is one of the
most widely distributed viruses in cattle worldwide.
Approximately 60 % of cattle in endemic areas without
control measures are infected with BVDV during their
lifetime [2]. This wide prevalence of BVDV infection
in cattle populations results in significant economic
losses [3, 4].

BVDV elicits two types of infection: transient and
persistent infection. Each one is caused by a different
virus biotype. Transient or acute infection, associated
predominantly with the cytopathic biotype (CP), provokes
a wide spectrum of effects ranging from mild to moderate,
such as diarrhea and respiratory symptoms, to more sev-
ere, such as embryonic death, abortion and congenital
malformations in cases of infections of pregnant cattle.
On the other hand, persistent infection is achieved when
the non-cytopathic biotype (NCP) infects cattle during the
2- to 4-month period of pregnancy. Persistence occurs as a
consequence of the calf becoming immunotolerant to
BVDV and recognizing it as self. Persistently infected
(PI) animals are the main reservoir of virus in nature and
the main source of infection in cattle populations [2]. In
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all other cases, NCP BVDV induces acute disease in
cattle. Clinical presentation might differ depending on
whether the animal is infected with type I or type II
BVDV.

It is well known that viruses capable of infecting and
persisting in their hosts for long periods of time, and
even for a lifetime, have evolved sophisticated mecha-
nisms to evade the host immune system. Historically,
research has focused on mechanisms designed for
evading the adaptive immune system [5-8]. BVDV
presents the peculiarity of achieving evasion from the
adaptive immune system by its capacity to infect fetuses.
However, this mechanism does not explain how BVDV
evades the innate immune system (e.g., the complement
system). In order to persist in its host during its entire
lifetime, BVDV must possess mechanisms that allow it
not to be detected and destroyed by the surveillance of
the innate immune system.

E2 is the main target of neutralizing antibodies. E2 has
proven to be an excellent antigen candidate for developing
a subunit vaccine against BVDV [9-14]. It is believed that
its efficacy is due to the fact that E2 is the protein
responsible for virus binding to its cellular receptors CD46
[15] and LDL-R [15-17]. However, it was recently
reported that E2 is able to bind properdin [18], a pattern-
recognition molecule involved in the activation of the
complement system [19].

Despite being discovered a century ago, only in the last
two decades has there been a growing awareness of the
critical importance of the complement system in the
defense against pathogens. This fact is in part explained by
the discovery of many and diverse strategies developed by
viruses to evade this system [20-23]. One of the most
important of these strategies consists of the expression of
complement regulatory proteins (Cregs). Cregs are now
considered excellent candidates for rational design of
vaccines, since blocking them renders the virus susceptible
to complement lytic activity [24].

In view of the above, it was hypothesized that the E2
glycoprotein could be involved in protecting BVDV against
the immune system and contribute to its persistence in its
natural host. The objective of the present work was to test
the potential activity of E2 as a complement regulatory
protein. Two experimental approaches were used to eval-
uate the capacity of the protein to inhibit complement-
mediated cell lysis and DNA fragmentation, two distinctive
and immediate effects of complement on target cells. The
results obtained in this work show that E2 is capable of
inhibiting complement-mediated cell lysis and comple-
ment-mediated DNA fragmentation. This work provides
the first evidence of E2 as a complement regulatory protein
and, thus, the finding of a mechanism of evasion of the
immune system by BVDV.
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Materials and methods

Bioinformatic analysis and recombinant protein
expression strategy

The E2 coding sequence from BVDV type I, NADL strain
(accession number NC_001461.1, GI: 9626649) was used
in this work. This sequence was studied by bioinformatic
analysis in order to detect regulatory domains important for
protein synthesis. Probable signal peptides were identified
using SignallP [25], transmembrane regions and their
topology were predicted using SOSUI [26], and potential
N-glycosylation sites were identified using NetNGlyc [27].

Starting from the known amino acid sequence of E2, the
corresponding coding region was localized in the BVDV
genome at positions 2462 to 3583. The sequence was
subsequently translated and bioinformatically analyzed.
This sequence contained four N-glycosylation sites at
positions 117, 186, 230 and 298 of the mature protein. It
also possessed a transmembrane domain between positions
343 and 365. However, this sequence did not contain a
signal peptide. However, when the sequence immediately
preceding E2 in the BVDV polyprotein, consisting of 16
amino acids and starting with a methionine, was included
in the analysis, a potential signal peptide was detected. The
most likely cleavage site of this predicted signal peptide
was immediately before the histidine that marks the
beginning of the mature protein. Therefore, it was assumed
that the E2 coding region actually begins at position 2414
of the BVDV genome. The complete bioinformatic anal-
ysis is summarized in Figure 1.

Genetic engineering and cloning

DNA fragments corresponding to the region encoding the
E2 transmembrane protein (E2, position 2414 to 3583 in
the BVDV genome) and a truncated version of E2 without
its transmembrane domain (E2T, position 2414 to 3487)
were obtained by PCR from a cDNA clone of the complete
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Fig. 1 Bioinformatic analysis. Signal peptide, red; extracellular
domain, yellow; transmembrane domain, green; intracellular domain,
light blue; N-glycosylation sites, blue. Arrows indicate signal peptide
cleavage site and the end of truncated E2 (E2T) (color figure online)
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BVDV genome (type I, NADL strain) and cloned into
pGEM-T Easy Vector (Promega). Reverse primers inclu-
ded a coding sequence for a C-terminal Hisq tag. A number
of positive clones were sequenced and analyzed using
ClustalX [28]. Only clones without mutations or with silent
mutations were used in the subsequent steps. Selected
clones were subcloned into the eukaryotic expression
vector pcDNA 3.1 (Invitrogen).

Transfection of CHO-K1 cells and generation
of a stable cell line

CHO-K1 cells were cultured in RPMI-1640 medium sup-
plemented with 10 % fetal bovine serum (FBS). Cells were
transfected with the expression vectors using cationic lipids
(Lipofectamine 2000, Invitrogen). Transfected cells were
subsequently cultured in the presence of selective antibi-
otics (G418, 700 pg/ml; Invitrogen) for several days. After
the selection process, individual recombinant clones were
isolated by limiting dilution in 96-well plates. Positive
clones producing recombinant E2 were detected by Wes-
tern blot using a mouse monoclonal antibody against E2
and a horseradish-peroxidase-conjugated anti-mouse IgG
antibody and visualized by chemiluminescence (Perk-
inElmer). Positive clones were used for a second limiting
dilution process, including verification of protein expres-
sion, and then amplified and frozen in liquid nitrogen for
future use. A stable cell line expressing the complete E2
protein with the transmembrane domain was generated
previously [10].

Optimization of protein expression and purification

Stable cell lines were cultured under different growth
conditions in order to optimize protein expression. DMSO
(2 %) and sodium butyrate (2 mM) were used as enhancers
of recombinant expression because they are known to
extend the exponential phase by inducing Gl-phase cell
arrest [29-33]. Protein levels in cell culture supernatants
were screened by ELISA. Briefly, 96-well plates (Max-
isorp, NUNC) were coated with a 1:100 dilution of an anti-
E2 mouse monoclonal antibody (2.9H). Samples were
added and incubated for 1 h at 37 °C. Subsequently, a
1:2000 dilution of a rabbit polyclonal serum and a 1:250
dilution of a rabbit anti-IgG monoclonal antibody were
added successively. The reaction was visualized using
ABTS (Sigma), and the absorbance was measured at 405
nm in a spectrophotometer (Multiskan EX, MTX Lab
Systems).

Protein purification was carried out by immobilized
metal affinity chromatography (IMAC). Supernatants from
stable cell lines were collected after 7-8 days of culture,

centrifuged for 30 min at 2,000xg and used for protein
purification. PMSF and leupeptin were added as protease
inhibitors. A 10x binding/washing (BW) buffer (3 M
NaCl, 0.5 M NaHPO,) and 13 mM imidazole were added
to cell cultures in order to increase the ionic strength and
reduce nonspecific protein binding. Ni-NTA (QIAGEN)
was used at a ratio of 1.67 ml of resin per L supernatant.
Supernatants were incubated overnight with shaking at
4 °C. The resin was washed with 1 x BW buffer containing
13 mM imidazole until the absorbance at 280 nm was
negligible. Protein was eluted from the resin with BW
buffer 1x containing 200 mM imidazole. Eluates were
washed with PBS and concentrated using Amicon-Ultra 4
centrifugal filter devices (Millipore). Purity and protein
concentrations were determined by SDS-PAGE and Coo-
masie blue staining using a BSA standard curve. Gel
analysis was performed using ImageJ [34]. Purified pro-
teins were stored at —70 °C.

E2 surface binding to peripheral blood mononuclear
cells (PBMCs)

Bovine PBMCs were isolated from heparinized blood using
Ficoll-Paque PLUS (Amersham). In each assay, 5 x 10°
cells were incubated with 1) recombinant protein (0.5 pg,
30 min at 4 °C); 2) anti-E2 monoclonal antibody (30 min.
at 4 °C); 3) PE-labeled rat anti-mouse IgG (30 min at
4 °C). Analysis was performed using a FACScan flow
cytometer (BD Biosciences). Typically, 10,000 events
were acquired per assay.

Complement-mediated cell lysis
Rationale

The most commonly used methods to measure comple-
ment-mediated cell lysis rely on using vital stains that
detect membrane damage. However, these methods do not
provide direct evidence of cell lysis. Another method that
is not so widely used involves measuring malate dehy-
drogenase (MDH) enzyme activity released from red blood
cells. The problem with this method is that red blood cells
are much more susceptible than nucleated cells to com-
plement-mediated cells lysis.

Beta-galactosidase is an enzyme widely used as a
reporter of cellular events or changes in expression levels.
It is a tetrameric and voluminous protein with approximate
dimensions of 135 A in width and 175 A in length and
therefore cannot pass through ?membrane attack com-
plexes? (MACs). As a consequence, the only possible
reason for finding it in cell culture supernatants is cell lysis.
On the other hand, CHO cells are particularly suitable for
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studies of complement activity, due to their incapability of
activating or expressing membrane regulatory proteins that
could interfere with the complement system from other
species [35]. Thus, it was developed as an experimental
system to measure complement-mediated cell lysis, com-
bining the two aforementioned aspects by generating a
stable CHO-K1 cell line for the constitutive cytoplasmic
expression of beta-galactosidase.

The experimental design consisted of the following
steps: (1) cell sensitization by anti-CHO polyclonal anti-
bodies, (2) addition of bovine serum as a source of com-
plement, and (3) quantification of cell lysis by measuring
beta-galactosidase activity in cell culture supernatants.

Protocol

A stable CHO-K1 cell line constitutively expressing beta-
galactosidase, was seeded at an initial density of 10° cells/
ml in 96-well plates and grown to confluency. Cells were
first sensitized with anti-CHO polyclonal antibodies for 30
min at 4 °C. For that purpose, an inactivated bovine serum
generated by immunization of cattle with CHO-K1 cells
was used at a 1:100 dilution in RPMI-1640. Cell mono-
layers were then treated with bovine serum, as a source of
complement, for 1 h at 37 °C. This serum was prepared at a
concentration of 20 % in GVB'* buffer (142 mM NaCl,
5 mM sodium diethylbarbiturate, 0.1 % gelatin, 0.15 mM
CaCl,, and 1 mM MgCl,, pH 7.4). At this step, different
concentrations of purified E2 (0-50 pg/ml) were added.
Finally, cell culture supernatants were transferred to a new
plate, and beta-galactosidase activity was measured col-
orimetrically using ONPG (B-Gal Assay Kit, Invitrogen).
Absorbance was measured at 405 nm in a spectropho-
tometer (Multiskan EX, MTX Lab Systems). Intact cell
cultures and cells lysed with detergent (1 % Triton X-100)
were used as negative and positive controls, respectively.

Complement-mediated DNA fragmentation
Rationale

Complement-mediated DNA fragmentation is a relatively
fast event that can be detected as early as 30 min after
treatment with complement [36, 37]. Moreover, frag-
mented DNA can pass through nuclear pores and MACs
and be released subsequently into the medium [38]. This is
the basis for quantification of apoptosis by detection of the
sub-G1 region, which entails DNA loss as a consequence
of membrane permeabilization during the procedure of
staining with propidium iodide [39]. Therefore, the possi-
bility of measuring complement-mediated DNA fragmen-
tation immediately after treatment with complement by
DNA content analysis was tested. In order to develop a
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more precise and exhaustive method, DNA content anal-
ysis was coupled to high-content flow cytometry data
analysis (HC-FCM) [40]. Along with greater precision, this
approach makes it possible to obtain more information and
to study other relevant cell state parameters, such as
changes in the cell cycle.

Protocol

Stable CHO-K1 cell lines expressing beta-galactosidase
(control) and full-length (transmembrane) E2 glycoprotein
(experimental) (5 x 10° cells/experiment) were sensitized
with different dilutions of a bovine anti-CHO polyclonal
serum for 30 min at 4 °C. Afterwards, cells were washed
twice and incubated with different concentrations of com-
plement (bovine serum prepared in GVB ™ buffer) for 1 h
at 37 °C. Cells were washed again and stained with pro-
pidium iodide (PI buffer: 100 mM Tris, pH 7.4, 150 mM
NaCl, 1 mM CaCl,, 0.5 mM MgCl,, and 0.1 % Nonidet
P-40) for 30 min at room temperature. Samples were
evaluated by flow cytometry (FACScan, BD Biosciences),
acquiring 10,000 events in each case.

Analysis

Bioinformatic analysis was performed using high-content
flow cytometry data (HC-FCM). Cytometric fingerprinting
was conducted using the package FlowFP [41-43], which
belongs to the Bioconductor project. Cell cycle analysis
was performed using FlowJo (Tree Star, Inc.). A Watson
model was used, and G2=2xG1 and a G1 fixed value were
assigned as constraints.

Cytometric fingerprinting (CF) consists of the recursive
binning of the phenotypic space, based on the choice of a
given number of parameters and on the direction of max-
imum variability [41-43]. The vector that specifies the
number of events in each bin represents the fingerprint of
the sample. Cytometric fingerprinting presents various
advantages for its use in this work. Firstly, it does not
assume any type of distribution model. This allows
detection of rare and unusual events that are lost in a
treatment based on Gaussian models. This would be the
case if events at the sub-G1 region appear. Secondly, CF
enables the comparison of many samples and their analysis
with a unique statistical model.

The binning model was generated using the samples
corresponding to LACZ. The model was constructed with
the sum of all samples, which allowed a suitable model to
be developed that was capable of discriminating between
the different variations in the cell population as a conse-
quence of complement activity. The chosen parameters for
the binning process were cell size and DNA content, which
were the most variable parameters in the entire sample. A
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Fig. 2 Cytometric fingerprinting: binning model. The binning model
was generated using the samples corresponding to LACZ, using the
function flowFPModel from the package flowFP. The chosen
parameters were cell size (FSC.H) and DNA content (FL2.H). The
recursion level was set to 7, which determines a model with 128 bins

recursion level of 7 was used, resulting in a model with 128
bins (Fig. 2).

Data analysis, statistical analysis and data
visualization

Data analysis, statistical analysis and data visualization
were carried out using the programming language R [44—
46]. Many R packages were used in this work, especially
several included in the Bioconductor project [47]. For
instance, flow cytometry data analysis and visualization
were carried out using flowCore [48] and flowViz [49],
respectively. On the other hand, data visualization was
conducted mainly using lattice [50] and pheatmap [51].
Statistical analysis was carried out by analysis of variance
(ANOVA) and the Tukey test, using P < 0.05 as evidence
of significant differences.

Results
Biochemical and biological characterization

A truncated form of the E2 glycoprotein (amino acids
1-342) was produced in a stable CHO-K1 cell line, col-
lected from the supernatant and purified by affinity chro-
matography (IMAC). The protein obtained by this
procedure was of the expected size of around 50 kDa
(Fig. 3A, left), and was antigenically active as evidenced
by Western blot (Fig. 3A, right).

A Coomasie Western
blue blot
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Fig. 3 Production, purification and characterization of a secreted
form of E2. (A) Cell culture supernatants from a CHO-K1 stable cell
line producing truncated E2 (E2T) were collected. E2T was purified
by affinity chromatography (IMAC) and concentrated by filter
centrifugation. Aliquots were then analyzed by SDS-PAGE, and the
gel was stained with Coomasie blue. A band of the expected size of
50 kDa was obtained at high purity (left). The identity of the protein
and its antigenicity were confirmed by Western blot, using a
monoclonal antibody against E2 from BVDV (right). (B) The E2
glycoprotein was capable of binding to the surface of bovine PBMCs,
as demonstrated by flow cytometry analysis

To verify the biological activity of the product, bovine
peripheral blood mononuclear cells (PBMCs) were incu-
bated with the protein and labeled for surface binding
analysis by flow cytometry. As expected, E2 glycoprotein
was capable of binding to the surface of these cells, most
probably through its known receptors CD46 and LDL-R
(Fig. 3B).

Complement-mediated cell lysis

First, the sensitivity and specificity of the assay for mea-
suring complement activity through its lytic function on
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target cells were tested. For that purpose, the ability of
complement to induce cell lysis in the presence of different
sensitizing antibodies and bovine serum concentrations was
evaluated by measuring beta-galactosidase activity in cell
culture supernatants.

Cell lysis, measured by beta-galactosidase release into
cell culture supernatants, was directly proportional to the
concentrations of sensitizing antibodies and bovine serum
(Fig. 4A). Sensitizing antibodies highly potentiated com-
plement lytic activity, which began to be detected at con-
centrations above 10 %. A more detailed analysis of the data
showed an abrupt change in complement activity at absor-
bance values between 0.25 and 0.3, which is shown in Fig-
ure 4B as a change in color from blue to yellow. The values
above this level clearly indicated complement lytic activity,
whereas its activity was negligible at lower levels. This value
was therefore established as the threshold at which com-
plement-mediated cell lysis began. Concentrations above
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Fig. 4 Complement-mediated cell lysis: testing the assay. (A) Cells
from the stable LACZ cell line were seeded in 96-well plates and
incubated successively with various concentrations of sensitizing
serum (30 min, 4 °C) and complement (1 h, 37 °C). Subsequently,
cell culture supernatants were transferred to a new plate. ONPG was
added, and absorbance was measured at 405 nm. The results represent
the mean and standard error of three independent experiments.
(B) Mean results obtained in A visualized as a heatmap
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this threshold were regarded as “lytic levels”, and concen-
trations below it as “sub-lytic levels”. The results were
consistent and indicative of the capacity of the assay to
quantify complement lytic activity in a precise and sensitive
way.

A potential role of E2 as a complement regulatory
protein was evaluated. This was accomplished by adding
various concentrations of truncated E2 (without its trans-
membrane domain) to this assay. The results are summa-
rized in Table 1. E2 was capable of inhibiting complement-
mediated cell lysis up to 40 %. This level of inhibition was
reached at a concentration of 20 pg/ml. No further inhi-
bition was detected at a higher protein concentration.

Complement-mediated DNA fragmentation

A stable LACZ cell line was treated with various concen-
trations of serum and complement, and cell DNA content
was analyzed by propidium iodide staining and flow
cytometry.

Treatment with complement caused the appearance of
the sub-G1 region in a dose-dependent manner (Fig. 5A).
The increase in intensity of treatment, visualized as a shift
from light green to dark blue in the corresponding curves,
was accompanied by the appearance of cells with lower
fluorescence intensities. Moreover, the curve peaks, ini-
tially located at the G1 region, were displaced to the sub-
G1 region. The same effect was evident with the G2 peak,
which experienced a displacement to the S region.

The same methodology was also applied to a
stable CHO-K1 cell line expressing a full-length (trans-
membrane) E2 glycoprotein. The treatment with various
serum and complement concentrations affected the DNA
content distribution in the cell population. However, the
effect was less marked than in the previous case, as evi-
denced by a higher superposition of the distribution curves
(Fig. 5B).

Table 1 Complement-mediated cell lysis: inhibition by E2

E2T (pg/ml) Inhibition (%)
0 0.0049.58

10 13.7740.83
20 41.1615.65*
50 33.18£1.70

The experiment was carried out exactly as in Figure 3, except for the
addition of varying concentrations of purified E2T at the moment of
incubation with complement. The sensitizing serum and complement
concentrations used were 0.01 (dilution 1/100) and 20 %, respec-
tively. Results represent the mean and standard error of three inde-
pendent experiments. The asterisk and bold type indicate statistical
significance from the control (P < 0.01) and the previous concen-
tration (P < 0.005), obtained by ANOVA. There is no statistical
significance between the two highest concentrations
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Fig. 5 Complement-mediated DNA fragmentation. Cells from the
stable CHO-K1 cell lines LACZ (A) and E2 (B) were sensitized with
various dilutions of anti-CHO polyclonal serum for 30 min at 4 °C.
Then, cells were incubated with various concentrations of comple-
ment for 1 h at 37 °C. Cells were washed and stained with PI buffer
for 30 min at room temperature, and the samples were examined by
flow cytometry. Density curves corresponding to cell DNA content
after treatment (logarithmic scale) are shown. Colors shift from light
green to dark blue in accordance to an increase in the intensity of
treatment. Example of nomenclature: LACZ (cell line) 0.01 (dilution
of sensitizing serum) 20 % (complement concentration) B (series
visualized). The results obtained with the series A were very similar
(data not shown) (color figure online)

High-content flow cytometry data analysis

The results were then analyzed by high-content flow
cytometry analysis. For that purpose, the methodology
called cytometric fingerprinting (CF) was used.

CF analysis applied to LACZ and E2 cells are shown in
Fig. 6A and B, respectively. In each case, the data are
shown as a histogram with the superposition of the fin-
gerprints of the different treatments, that is, as the number
of events present in each bin. The bins in which the number
of events increased as a consequence of the treatment were
selected and located in the corresponding dot plot. The
process was repeated with the bins in which the number of
events decreased. The first ones were clearly located in the
sub-G1 and S regions, and the second ones were located at
the G2 region.

Next, bins corresponding to the different cell cycle
phases were grouped, and the number of events in each
group was computed according to the treatment (Fig. 7).
This analysis revealed an evident correlation between the
intensity of treatment and the increase (sub-G1 and S
regions) or decrease (G2 region) in the number of events
(Table 2), but more importantly, this correlation was much
more noticeable in LACZ cells. In contrast, E2 was more
stable, resilient and less disturbed after the varying treat-
ments with complement. In fact, whereas, in the first case,
the sub-G1 region increased up to 16 %, in the second case,
it increased only to 8 % (statistical significance found
between cell lines, P < 0.02, Table 2).

The increase in the S region may be explained in two
different ways. One possibility is that complement may
have induced cell cycle arrest at the step from S phase to
G2, with a subsequent increase in S and decrease in G2.
Another possibility is that it may be the result of the
appearance of a sub-G2 region, that is, DNA fragmentation
and loss by cells in the G2 phase [39]. The similarity
between the curves sub-Gl and sub-G2 with respect to
shape and displacement, resulting from complement
activity (see Fig. 5A), compared to their initial G1 and G2
curves, suggests that this would be the case. However, due
to the impossibility of the chosen methodology to dis-
criminate between one case and the other, the sub-G2
region was not used for the calculation of DNA
fragmentation.

Finally, the experiment was analyzed using the Cell
Cycle platform in the program FlowJo. The mean values
of the percentages obtained for each cell cycle phase were
computed and visualized as a heatmap (Fig. 8A). In this
manner, it was possible to detect an important increase in
the number of cells in S phase in LACZ cells, as a con-
sequence of complement activity. More importantly, the
increase in the percentage of cells in sub-G1 was more
noticeable than in E2. When the percentage of cells at
sub-G1 after treatment with 10 % complement was plot-
ted (Fig. 8B), it was found that E2 was capable of pro-
tecting cells from complement-mediated DNA
fragmentation, reducing it from 13 to 9 % (P < 0.05). The
reason for choosing this complement concentration
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Fig. 6 Complement-mediated DNA fragmentation: cytometric finger-
printing. Samples corresponding to LACZ (A) and E2 (B) were

analyzed with the package flowFP. Fingerprints were plotted superim-
posed in a histogram. Bins that showed clear changes as a consequence
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Fig. 7 Cytometric fingerprinting: data analysis. Bins corresponding
to the different cell cycle phases were grouped, and the number of
events in each group was calculated and plotted according to
treatment. The number of total events in all of the samples was the
same (10,000 events)

Table 2 Statistical significance of the results obtained in each cell
cycle phase, according to cell line and treatment

Cell cycle phase Cell line Treatment
subGl1 0.020 0.0005

S 0.581 0.036

G2 0.133 0.0006

Significant P-values, obtained by ANOVA, are given in bold

(10 %) was that the resulting treatments were sublytic.
With this, it was intended to show that complement-me-
diated DNA fragmentation occurred at concentrations that
normally were not sufficient to lyse cells. Many expla-
nations have been proposed to explain this phenomenon.
Some authors hold that the entry of DNases through
MACs from the extracellular medium is responsible for
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Fig. 8 Complement-mediated DNA fragmentation: cell cycle anal-
ysis. Samples were analyzed using the Cell Cycle platform of FlowJo.
A Watson model was used, and G2=2 x Gl and a G1 fixed value
were assigned as constraints. (A) Heatmap plotting the mean values of
the percentage of cells in each phase of the cell cycle. (B) Percentage
of cells in the sub-Gl region as a consequence of treatment with
different serum dilutions and 10 % complement. Results represent the
mean and standard error of two independent experiments. Statistical
significance (P < 0.05) between LACZ and E2 is denoted by an
asterisk (*)

this effect [37]. Other authors think that the reason is the
activation of the mitochondrial pathway of apoptosis,
caused by the rapid loss of inner mitochondrial membrane
potential produced by massive Ca®™ influx through
MAGCs [52].
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Discussion

E2: first Creg of the genus Pestivirus, second Creg
of the family Flaviviridae

The research carried out in this work demonstrates, for the
first time, the participation of the glycoprotein E2 from
BVDV in complement regulation. E2 was capable of
inhibiting complement-mediated cell lysis and comple-
ment-mediated DNA fragmentation.

E2 is the first Creg to be discovered in a member of the
genus Pestivirus. Until now, the only known complement
regulatory protein of a member of the family Flaviviridae
was NS1, a protein found in members of the genus Fla-
vivirus, such as West Nile virus (WNV), dengue virus
(DENV) and yellow fever virus (YFV) [53, 54]. NS1 is a
secreted non-structural glycoprotein that is not produced by
members of the genus Pestivirus and does not share any
relevant sequence homology to the E2 glycoprotein (data
not shown). Moreover, NS1 does not share any sequence
homology to proteins with CCP modules, the most usual
structural domains in Cregs, nor does it have a direct
cofactor activity [54]. The mechanism of action of this
protein is very different from that of most Cregs, which
bind C3b and C4b. NS1 from WNYV binds to factor H,
which then leads to C3b inactivation by factor I [54]. NS1
from DENV binds to Cls, leading to C4 cleavage to C4a
and C4b [53]. NS1 from WNV and YFV is also expected to
use this latter mechanism.

Mechanism of action of E2 as complement
regulatory protein

E2 does not appear to use either of the mechanisms pro-
posed for NSI, since it is capable of regulating comple-
ment activity both in soluble and membrane-bound form.
In general, the Cregs that are able to accomplish this are
those with a direct inhibitory activity, which is not the case
for either mechanism proposed for NS1. The complement
regulatory activities of Cregs are basically two: cofactor
activity and decay accelerating activity [55, 56]. In the first
case, the Creg binds to C3b and C4b and acts as a cofactor
for their factor-I-mediated degradation. This is the activity
exerted, for instance, by CD46. In the second case, the
Creg dissociates C3b and C4b from the protease compo-
nent of C3 convertase (C2a or Bb).

Recently, it has been shown that E2 glycoproteins from
CSFV and BVDV are capable of binding complement
factor properdin (CFP) [18]. Properdin is a complement
protein that stabilizes the C3 convertase, which results in
an increased half-life of the complex [19]. It is therefore
possible that E2 binds and inactivates properdin, inducing
the disintegration of the C3 convertase, thus blocking the

formation of the MAC. In this way, E2 would exert an
indirect decay-accelerating effect. However, other inter-
actions and effects of E2 on other complement proteins
cannot be ruled out.

Efficiency of E2 as complement regulatory protein

In this work, E2 was capable of inhibiting complement-
mediated cell lysis by approximately 40 % at a concen-
tration of 20 pg/ml (0.4 pM). Are these results comparable
to the values obtained with other Cregs? Porcine CD46 was
found to inhibit complement-mediated rabbit erythrocyte
lysis by approximately 40 % at a concentration of 30 pg/ml
[57]. Similarly, human CD46 was shown to inhibit com-
plement-mediated CHO cell lysis by approximately 40 %
at a concentration of 25 pg/ml [58]. Also, vaccinia virus
complement control protein (VCP) and factor H achieved
the same levels of inhibition at 0.1 uM and 0.3 uM,
respectively [59]. Lastly, Kaposi sarcoma-associated her-
pesvirus-complement control protein (KCP) and Rhesus
rhadinovirus complement control protein (RCP) achieved
60 and 40 % inhibition, respectively, at 0.5 pM [60].
Therefore, the efficiency of E2 as a complement regulatory
protein is highly comparable to that of other viral and
cellular Cregs.

E2 as a self-associated molecular pattern (SAMP)

CD46, or MCP (membrane cofactor protein), is a glyco-
protein that is widely expressed in the majority of cells,
including lymphocytes, macrophages and epithelial cells. It
is a complement regulatory protein that protects cells from
autoimmune destruction, binding C3b and C4b at the cell
surface and acting as a cofactor for factor-I-mediated
proteolysis [56, 61, 62]. In recent years, it has been rec-
ognized that CD46’s functions go far beyond these first
findings and that it must have a fundamental role in the
organism [63, 64]. In fact, some authors have pointed out
that CD46 could be a true innate marker of self/non-self
discrimination, constituting a self-associated molecular
pattern (SAMP), in clear opposition to the widely studied
pathogen-associated molecular patterns (PAMPs) [38, 65].
Moreover, T cells activated via CD3 and CD46 are induced
to produce IL-10 and differentiate to a regulatory pheno-
type (Trl) [66]. Furthermore, there is evidence suggesting
that CD46’s functions exceed those of complement regu-
lation and that it might have a direct role in the fertilization
and reproduction processes, because it is abundantly
expressed in placental tissue and in the inner acrosomal
membrane of spermatozoa [63, 64].

In our case, E2 glycoprotein, as a membrane Creg, would
be expected to inhibit the destruction of BVDV-infected cells
by complement. This would also prevent the production of
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inflammatory mediators and the recruitment of inflammatory
cells, which together would initiate an immune response. In
other words, E2 would be acting as an actual SAMP, allowing
BVDV-infected cells to be recognized as self by the host’s
immune system. This novel strategy of viral immune evasion
in BVDV, which could be regarded as innate immunotoler-
ance, would be integrated into its other known evasion
strategies, such as fetus infection and elimination of the
BVDV-specific T-cell repertoire, which are mechanisms of
evasion of the adaptive immune system (adaptive immuno-
tolerance). In short, the growing knowledge of BVDV
immunobiology leads to an interesting scenario where BVDV
represents a virus that is specialized in integration within its
host as a self-component of the organism.

Conclusion

This study demonstrates for the first time the participa-
tion of the glycoprotein E2 from BVDV in complement
regulation. E2 was capable of inhibiting complement-
mediated cell lysis and complement-mediated DNA
fragmentation. This mechanism would allow BVDV to
evade the innate immune system and persist in its host in
conjunction with its ability to generate adaptive immune
tolerance.
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