1% £

Jyvaskylan yliopiston julkaisuarkisto I
Jywiskyld University Digital Archive UNIVERSITY OF JYVASKYLA

This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Author(s): Thammasri, Kanoktip; Rauhamaki, Sanna; Wang, Liping; Filippou, Artemis; Kivovich,
Violetta; Marjomaki, Varpu; Naides, Stanley J; Gilbert, Leona

Title: Human Parvovirus B19 Induced Apoptotic Bodies Contain Altered Self-Antigens that
are Phagocytosed by Antigen Presenting Cells.

Year: 2013

Version:

Please cite the original version:
Thammasri, K., Rauhamaki, S., Wang, L., Filippou, A., Kivovich, V., Marjomaki, V.,
Naides, S. J., & Gilbert, L. (2013). Human Parvovirus B19 Induced Apoptotic Bodies
Contain Altered Self-Antigens that are Phagocytosed by Antigen Presenting Cells..
PLOS ONE, 8(6), e67179. https://doi.org/10.1371/journal.pone.0067179

All material supplied via JYX is protected by copyright and other intellectual property rights, and
duplication or sale of all or part of any of the repository collections is not permitted, except that
material may be duplicated by you for your research use or educational purposes in electronic or
print form. You must obtain permission for any other use. Electronic or print copies may not be
offered, whether for sale or otherwise to anyone who is not an authorised user.



25.11.2013 PLOS ONE: Human Parwovirus B19 Induced Apoptotic Bodies Contain Altered Self-Antigens that are Phagocytosed by Antigen Presenting Cells

' PLOS | oxe

Human Parvovirus B19 Induced Apoptotic Bodies Contain Altered Self-Antigens
that are Phagocytosed by Antigen Presenting Cells

Kanoktip Thammasri, Sanna Rauhamaéki, Liping Wang, Artemis Filippou, Violetta Kivovich, Varpu Marjoméaki, Stanley J. Naides, Leona Gilbert

Published: Jun 12, 2013 « DOI: 10.1371/journal.pone.0067179

Abstract

Human parvovirus B19 (B19V) from the erythrovirus genus is known to be a pathogenic virus in humans. Prevalence of B19V infection has been reported worldwide in
all seasons, with a high incidence in the spring. B19V is responsible for erythema infectiosum (fifth disease) commonly seen in children. Its other clinical
presentations include arthralgia, arthritis, transient aplastic crisis, chronic anemia, congenital anemia, and hydrops fetalis. In addition, B19V infection has been
reported to trigger autoimmune diseases such as systemic lupus erythematosus and rheumatoid arthritis. However, the mechanisms of B19V participation in
autoimmunity are not fully understood. B19V induced chronic disease and persistent infection suggests B19V can serve as a model for viral host interactions and the
role of viruses in the pathogenesis of autoimmune diseases. Here we investigate the involvement of B19V in the breakdown of immune tolerance. Previously, we
demonstrated that the non-structural protein 1 (NS 1) of B19V induces apoptosis in non-permissive cells lines and that this protein can cleave host DNA as well as
form NS1-DNA adducts. Here we provide evidence that through programmed cell death, apoptotic bodies (ApoBods) are generated by B19V NS1 expression in a non-
permissive cell line. Characterization of purified ApoBods identified potential self-antigens within them. In particular, signature self-antigens such as Smith, ApoH,
DNA, histone H4 and phosphatidylserine associated with autoimmunity were present in these ApoBods. In addition, when purified ApoBods were introduced to
differentiated macrophages, recognition, engulfment and uptake occurred. This suggests that B19V can produce a source of self-antigens for immune cell processing.
The results support our hypothesis that B19V NS1-DNA adducts, and nucleosomal and lysosomal antigens present in ApoBods created in non-permissive cell lines,
are a source of self-antigens.
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Introduction

Human panvovirus B19 (B19V) is a member of the genus Erythrovirus of the family Parvoviridae. It is a small (20-25 nm in diameter) [1-3] non-enveloped single-
stranded linear DNA virus that was discovered in 1975 by Ywonne Cossart [2]. This virus has an icosahedral symmetrical capsid consisting of two structural proteins,
viral protein 1 and 2 (VP1 and VP2). The minor capsid protein, VP 1, has phospholipase activity that is necessary for viral attachment and cell entry [4,5]. The major
capsid protein (95% of the total), VP2, can self-assemble into empty capsids, known as virus-like particles (VLPs). In addition to the capsid proteins, there are three
non-structural (NS) proteins, two without known functions, but one known as the cytotoxic NS1 protein. NS1 protein, a member of superfamily 3 of viral helicases, is a
pleiotropic nuclear phosphoprotein and absolutely required for viral replication. It is a multi-functional protein that has a role in control of cellular transcription, virus
replication, induction of cell death, and transactivation of cellular promoters [6-8].

Erythroid precursors have been shown to be the demonstrated cell type to best support an B19V productive infection [9,10], but other bone marrow hematopoietic
lineages support B19V productive infection, although less efficiently [11,12]. B19V NS1 expression plasmids were also used in permissive cells lines to investigate
NS1 protein induced cellular apoptosis, cell life cycle, activation of caspase, and DNA fragmentation [13,14]. Other studies have confirmed that B19 virus does infect
primary hepatocytes as well as HepG2 cell lines, and that NS1 protein is expressed while promoting apoptosis [15]. Again, B19V NS1 expression plasmids were
constructed to determine the involvement of NS1 protein and apoptosis as well as caspase activation [16] in this non-permissive cell line. A transfection efficiency of
less then 10% was obtained from this method. In order to increase the expression level of NS1 protein in HepG2 cells, the recombinant baculovirus expression vector
system (BEVS) was created to house the NS1 construct [17,18]. Transduction efficiencies of greater than 60% can be obtained with the BEVS system and in this
system NS1 expression induced apoptosis and host DNA damage. HepG2 cells were used in the current study because they allow virus binding and internalization,
but they are non-permissive for human parvovirus replication [19].

Clinical diagnosis of B19V infection is very common and has been reported worldwide in all seasons [20,21]. The rate of B19V seropositivity rises with age because of
continuous exposure to the virus [22]. Clinical features of B19V infection depend on the host’s condition, but common symptoms and signs consist of mild illness with
pyrexia, malaise, myalgia, rash, or arthralgia [23,—25]. The common diseases caused by B19V infection include erythema infectiosum (fifth disease or slapped cheek
syndrome), arthralgia, arthritis, transient aplastic crisis, chronic anemia, congenital anemia, and hydrops fetalis [4,26,27]. These general manifestations of B19V
infection are very similar to features of several autoimmune diseases such as acute, chronic and autoimmune hepatitis, as well as acute fulminant liver failure [28—40],
systemic Lupus erythematosus (SLE) and rheumatoid arthritis (RA) [26,27,41]. Moreover, this infection has been reported to trigger SLE [41] and RA [42], but the
mechanisms are still not fully understood.

It has been shown that B19 viral infection may induce anti-phospholipid antibodies through phospholipase-A2-like activity [43—46] and molecular mimicry mechanism
leading to immunological cross reaction [45,47]. Others have suggested that the NS1 protein promotes chronic inflammation by transactivation of cellular promoters for
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the expression of TNF-a and IL-6 genes [8,48]. It also has been implied that the NS1 protein may be a super-antigenic stimulator for T and/or B lymphocytes [47]. Our
previous studies have shown that host cell DNA damage occurs with NS1 expression [16—18,49] and that host DNA is covalently attached to the NS1 protein to form
bulky adducts [18,49].

We have proposed that B19V induction of autoimmunity may occur when T cells specific for NS1 protein are stimulated during a reoccurrence of B19V infection or re-
stimulation of NS1 expression. NS1 protein specific T lymphocyte helper cells would then provide second signal to anergized autoantigen specific B lymphocytes. We
hypothesized that B19V-induced ApoBods contain NS1-modified host cell DNA as well as nucleosomal self-proteins and that NS1 protein in ApoBods would be
processed by professional antigen presenting cells such as dendritic cells or macrophages. Simultaneously, anergic anti-dsDNA specific B lymphocyte would take up
NS1 protein modified self-DNA through its DNA surface IgM receptor; processing NS1 protein to the B lymphocyte surface would allow NS1 specific T helper cell
second signaling. Similarly, anergized B lymphocytes specific for DNA binding proteins or NS1 interacting proteins would take up NS1 as part of DNA-protein
complexes. The object of this study was to identify cell constituents associated with B19V-induced ApoBods that could be candidate autoantigens in SLE.
Understanding the mechanism by which B19V breaks immune tolerance would argue for detection of initial viral insults and may provide insights leading to better
patient treatment strategies.

Materials and Methods
Cell Culture

Spodoptera frugiperda-derived cells (Sf9 cells, ATCC-CRL-1711, Manassas, VA), were cultured in spinner flasks using Insect-XPress cell medium (BioWhit-taker®,
Walkersville, MD, USA) at 27 °C. Human hepatocellular liver carcinoma cell line HepG2 cells (ATCC-HB-8065), a B19V non-permissive cell line, was cultured in 440
mL of Hepatocyte Minimum Essential Medium (Gibco®, Invitrogen, Carlsbad, CA, USA) supplemented with 50 mL fetal bovine serum (FBS) (Gibco®), 5 mL L-
glutamine (Gibco®) and 5 mL Penicillin-Streptomycin (Pen/Strep) (Gibco®). Acute monocytic leukemia derived human monocytes, THP-1 cells (ATCC-TIB-202), were
cultured in 440 mL of RPMI-1640 Medium Hybri-MaxTNI (Gibco®; modified with L-glutamine, 4500 mg/L glucose and 15 mM HEPES; Sigma, Sigma-Aldrich Inc., St.
Louise, MO, USA), and supplemented with 50 mL FBS, 5 mL Pen/Strep and 0.05 mM B-mercaptoethanol. Both HepG2 and THP-1 cells were cultured at 37 cC, 5%
CO,, in tissue culture flasks. For engulfment studies, THP-1 cells were differentiated as previously described by Daigneault and colleagues [50]. In brief, 5 x 10° THP-
1 cells were seeded in RPMI medium as described above with addition of 200 nM phorbol-12-myristate-13-acetate (PMA) (Sigma) and incubated for 3 days. Replacing
the PMA medium with fresh RPMI-1640 medium supplemented with Pen/Strep and B-mercaptoethanol and incubating the cells for an additional 5 days further
enhanced differentiation. Experiments were performed on days 8 to 9 post initiation of differentiation.

Baculovirus Transduction of HepG2 Cells

Recombinant baculoviruses expressing enhanced green fluorescent protein (AcEGFP) and AcEGFP-NS1 fusion proteins under the CMV immediate-early promoter
were prepared using the Bac-to-Bac® Baculovirus Expression system (Invitrogen, CA, USA) as previously reported [17]. The transduction efficiencies (TE) of these
viruses were determined by growth of HepG2 0.5 x 108 cells overnight and transduction with recombinant AcCEGFP or AcEGFP-NS1. BD FACSCALIBUR flow
cytometer (Becton-Dickinson, NJ, USA) was used to verify if the viruses had 70% TE for use in the apoptotic bleb/bodies induction experiments as described by
Kivovich and colleagues [17,18]. In the present study, HepG2 cells were transduced with recombinant \iruses and kept in the dark rocking at room temperature (RT) for
4 h to promote viral binding to the cellular membrane.

Induction of Apoptotic Blebs

Induction of apoptotic blebs was performed by seeding 0.5 x 108 HepG2 cells in 6-well culture plates with 4 sterile cover slips per well and incubated overnight at 37 °C
in 5% CO,. Cells were then transduced at a TE of 70% with recombinant baculoviruses ACEGFP or AcEGFP-NS1. The culture plates were incubated at RT and kept
in the dark on a rocking platform for 4 h. Transduced samples were washed once with sterile phosphate buffered saline (PBS), and pre-warmed supplemented medium
was added to the culture wells before being incubated at 37 °C in 5% CO,.

At 48 h post transduction, supernatant from each well was removed then 2 cover slips were taken to another 6-well plate and fixed with 4% paraformaldehyde
(PFA)/PBS for 20 min with rocking at RT. The apoptotic blebs were characterized using a scanning electron microscope (SEM) as described in section 2.4. The
remaining 2 cover slips in each well with adherent cell were stained with Annexin V-PE as described in section 2.5.

Scanning Electron Microscopy (SEM) Imaging

Cover slips with HepG2 cells were finely coated with a conductive gold film layer. The coating was plated with a fine coat sputter machine at a woltage of 0.9-1 kV and
a corresponding current of 5-6 mA. The coating time was 4-6 min, leaving a gold layer of approximately 4 nm thick. After coating with gold the samples were examined
by SEM.

A scanning electron microscope (SEM; JEOL JSM 820, Tokyo, Japan) equipped with a digital image acquisition card was used to examine samples fixed by screws
on a copper specimen holder and transported into the SEM chamber by a sample transfer rod. The SEM accelerating wltage was 3 to 10 kV, and filament current 260
PA. Fields of interest were located at lower magnification, ~ 250 to 350x, and then the height of the stage and focus were adjusted to specify the working distance of
18 mm; image quality was optimized by adjusting Xand Y stigmators, brightness and contrast to obtain the best resolution. The image was captured by the SEM
Afore program.

Annexin V-PE Staining

HepG2 cells on cover slips from the previous experiment were submerged in 500 L Annexin V-PE binding buffer (BioVision, Inc., Milpitas, CA, USA). Each cover slip

was incubated with 5 yL Annexin V-PE (BioVision) for 15 min in the dark with rocking at RT. Cells were washed in HBSS (Hank’s Balanced Salt Solution) (Mediatech,
Inc, Herndon, VA, USA), supplemented with 3 mM CaCI2, and fixed for 15 min in ice-cold 4-6% PFA/HBSS. Stained cover slips were mounted on glass slides with 3-5
pL Prolong Gold Antifade Reagent with DAPI (Invitrogen). The slides were stored at 4 °C before being analyzed by confocal microscope (Olympus).

Purification of ApoBods

An amount of 10 x 10° HepG2 cells were seeded in 175 cm? cell culture flasks and left to grow at 37 °C in 5% CO, for 24 h. Cells were then transduced with ACEGFP
and AcEGFP-NS1 viruses with a TE of 70%. An inducer of cellular apoptosis, staurosporine (a protein kinase inhibitor; S4400 staurosporine from Streptomyces sp.,
Sigma), was used as a positive control in this study. HepG2 cells seeded simultaneously, using the same seeding density as with the transduced cells, were treated
with 1 uM concentration of staurosporine in growth medium in parallel with viral treated samples. At 72 h post transduction, supernatant from each was centrifuged
1,700 x g (Heraeus Labofuge 400, Thermo Fisher Scientific Inc., UK) for 3 min and filtered with gravity through a 5.0 um filter (Millipore, Billerica, MA, USA).

A wolume of 2 mL from the filtered supernatant was taken for verifying the quantity of ApoBods and fluorescence EGFP-NS1 signal by flow cytometry (FC). The
supernatant was centrifuged at 16,100 x g for 20 min and the pellet was resuspended in 400 pL Annexin V-PE binding buffer (BioVision). Half of the ApoBods (200 pl)
were analyzed directly by FC as described in section 2.7. The other half of the ApoBods were mixed with 10 uL Annexin V-PE (BioVision) and incubated for 5 min in
the dark on ice. Samples were centrifuged at 16,100 x g for 20 min and pellets were fixed with 50 uL 4% PFA/PBS at RT for 10 min. Again the samples were
centrifuged at 16,100 x g for 10 min and ApoBods pellets mounted with Prolong Gold Antifade Reagent with DAPI (Invitrogen) on a glass slide and covered with a cover
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slip. Samples were stored at 4 °C and analyzed by wide-field microscopy imaging (Leica DM5500B, GmbH, Germany) (section 2.8).

The remaining filtered supernatant was ultracentrifuged at 285,000 x g (Beckman Coulter Optima L-90K Ultracentrifuge) for 1 h at 4 °C. ApoBod pellets were
resuspended in 100 uL PBS overnight at 4 °C. These purified ApoBods were stored at 4 °C for the immunolabeling and engulfment studies (sections 2.9 and 2.10,
respectively)

Flow Cytometry (FC)

FC analysis was performed to determine the amount of apoptotic body induction (section 2.6). Initially the samples were examined for the amount of events within one
minute time period with low speed. Then a total of 10,000 events from the filtered ApoBods were examined for the EGFP fluorescent signal with high speed. FC results
were measured by the BD FACSCALIBUR flow cytometer (Becton-Dickinson). Data were collected and interpreted by using Cell-Quest pro software version 5.2.1
(Becton-Dickinson). The statistical analysis was performed with FlowJo Flow Cytometry Analysis Software version 8.4.5 (Tree Star Inc., Ashland, OR, USA).

Wide-field Imaging

ApoBods stained with Annexin V-PE (from section 2.6) were analyzed by Leica fluorescent microscopy (Leica DM5500B) to determine expression of
phosphatidylserine (PS) as a consequence of apoptosis. The fluorescence images were taken with a 100x/1.3 oil immersion objective and with excitation filters of 365,
470 and 530 nm. Components of ApoBods were identified by the green fluorescence signal from EGFP or EGFP-NS1, blue signal demonstrating DNA stained with
DAPI, and red signal representing PS stained with Annexin V-PE. The appropriate exposure, gain and intensity were adjusted prior to recording the images. ImageJA
1.45B program (National Institutes of Health (NIH), Bethesda, MD, USA) was used to analyze the Leica images.

Immunolabeling of ApoBods

The purified ApoBods from section 2.6 were immunolabeled for further characterization. A volume of 50 ul ApoBods were pelleted at 16,100 x g for 20 min and fixed
with 4% PFA/PBS for 20 min before being washed twice with PBS. The remaining immunolabeling procedure had centrifugation steps (16,100 x g for 20 min) between
them in order to remowve the supernatant and pellet the ApoBods. Free aldehyde in ApoBods were blocked for 10 min with 0.15% glycine in PBS and permeabilized for
20 min with Triton solution (0.1% Triton X-100 (Fisher, Hampton, NH, USA), 0.01% NaN, and 1% bovine serum albumin (BSA) in PBS). Primary antibodies at a
concentration of 1 mg/mL were diluted 1/50 in Triton solution and incubated with the purified ApoBods for 1 h RT while rocking. The specific primary antibodies used
were rabbit polyclonal anti-histone H4 (BioVision), mouse monoclonal anti-Ku80 (111, Abcam, Cambridge, UK), sheep polyclonal anti-apolipoprotein-H (ApoH)
(Invitrogen, Camarillo, CA), rabbit polyclonal anti-Lamp2 (Abgent, CA, USA), rabbit monoclonal anti-phospho-histone H2B (ser14) (Upstate, NY, USA) or mouse
monoclonal anti-Smith (GeneTex, Inc., GmbH, Germany) antibodies. After the incubation, the Apobods were washed in Triton solution for 15 min. The corresponding
secondary antibodies (Molecular Probes, CA, USA) used for detection were goat anti-rabbit Alexa Fluor 594 for H4 and H2B, goat anti-mouse Alexa Fluor 633 for Ku80
and Smith, donkey anti-sheep Alexa Fluor 568 for apolipoprotein-H, and goat anti-rabbit Alexa Fluor 633 for Lamp2. The secondary antibodies were diluted at 1/200 in
Triton solution and incubated with the ApoBods for 1 h RT while rocking. The ApoBods were washed with Triton solution and then the DNA was stain in 1/1,000 dilution
of Hoechst (Sigma) in water for 10 min. Finally, the immunolabeled ApoBods mounted with 10 pL Mowiol® mounting medium (supplemented with 2.5% w/v of Dabco)
and cowvered with a cover slip. Slides were stored at 4 °C until analyzed by confocal microscopy (Olympus).

Feeding and Labeling THP-1 Cells

For THP-1 immunolabeling, ApoBods collected from 10 x 108 Hep2G cells as described in section 2.6 were suspended into 500 pl of HBSS supplemented with 3 mM
CaCl, of which half was used to feed 1 x 10% dTHP-1. The ratio between fed cells and feeder cells used to produce ApoBods were thus 1:100. The e\poBods were
added to fresh RPMI-1640 medium, supplemented as described above, and added to cover the dTHP-1. The cells were then incubated for 2 h at 37 C, 5% CO,. After
the feeding, the cells were fixed with 4% PFA for 10 min and immunolabeled with rabbit polyclonal anti-Lamp2 (1 mg/mL, Abgent) at a dilution of 1/50 in Triton
solution; anti-Lamp2 labeling was detected with 1/200 dilution of goat anti-rabbit Alexa Fluor 594 secondary antibody (Molecular Probes) in Triton solution. As a
negative control, phagocytosis was inhibited in THP-1 and dTHP-1 cells by treatment with 1 x 105 M cytochalasin B (CB) from Helminthosporium dematioideum
(Sigma) for 30 min before feeding and maintained throughout the feeding. These immunolabeled samples were stained with Hoescht (Sigma) and mounted as above.
Slides were stored at 4 “C until analyzed with laser scanning confocal microscopy (Olympus). Phagocytic activities (PA) of THP-1 (monocytes) and dTHP-1
(macrophages) were analyzed by counting green fluorescence signal inside the cells. Inhibitory effect of CB was also calculated by comparing PA of CB treated and
non-treated cells. Percentage PA was analyzed by counting the green signal contained in 1,200 macrophages.

Confocal Imaging

An Olympus 1X-81 with a Fluoview-1000 confocal microscope (Olympus Corporation, Tokyo, Japan) set-up was used for imaging of fixed cells and immunolabeled
samples. The images of these samples were taken with 40x and 60x oil immersion objectives at 405, 488 and 543 nm excitation wavelengths; excitation at 633 nm
was also used for acquiring images of ApoBods. Induced ApoBods and differentiated macrophages fixed on glass cover slips were identified and examined by using
emission filters as follows: 425-455 nm for blue-fluorescence (DAPI), 500-530 nm for green-fluorescence (for Alexa Flour 488), 555-625 nm for red-fluorescence (for
Alexa Flour 594), and 625-800 nm purple-fluorescence (for Alexa Flour 633). The appropriate exposure, gain and intensity were corrected before recording the images.
These images were analyzed using the ImageJA 1.45B program (NIH).

For ApoBods images, quantification of fluorescence intensity was performed by 3 independent assays of each condition (N = 30) and determined with a free, open
source software package, BiolmageXD [51]. Lewels for the laser power, detector amplification and optical sections were optimized for each channel in confocal
microscope before starting the quantification. The volume of the labeled structures from confocal images was evaluated by intensity threshold segmentation. The sum
of volumes over the threshold was normalized to average area of the ApoBods. The total area of ApoBods base on the DNA image was quantified using a threshold
that distinguished them from the background. Regions for cell area calculation were defined by first smoothing images with Gaussian kernel and thresholding.

Statistical Analysis

The statistical analyses of the amount of ApoBods, antigen signal in ApoBods, PA and CB inhibition percentages were performed using PASW Statistics software
(SPSS Inc., Hong Kong). The calculated means were compared according to the following groups: ApoBods induced by transductions of ACEGFP with ACEGFP-NS1,
AcEGFP transduction with staurosporine, and AcEGFP-NS1 transduction with staurosporine. These data were further evaluated by one-way ANOVA post hoc test
analysis and expressed as mean % standard error of the mean (SEM). Values of P < 0.05 were considered statistically significant.

Results

NS1 protein expression induces production of apoptotic blebs and ApoBods in non-permissive cells

To examine the role of B19V NS1 protein in providing a source of self-antigens characteristic apoptosis events were induced. Apoptotic blebs and hence bodies were
created when a non-permissive cell line, HepG2, was transduced with recombinant baculoviruses AcEGFP and AcEGFP-NS1 (Figure 1). Figure 1A illustrates
scanning electron micrographs of HepG2 in normal conditions, and then transduced with AcCEGFP and AcEGFP-NS1 for 48 h. As displayed in Figure 1A, apoptotic
blebbing seen on the cell's surface (arrows) characteristic of apoptotic events was enhanced with the expression of B19V NS1 protein compared to non-transduced
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cells or cells transduced with a baculovirus vector expressing EGFP, a protein that does not induce significant apoptosis. Blebbing increased as a consequence of
NS1 expression, which was greater than that in AcEGFP transduced or non-transduced cells. When non-transduced (Figure 1B), AcEGFP (Figure 1C) and AcEGFP-
NS1 (Figure 1D) tranduced, and staurosporine treated cells (Figure 1E) were viewed directly for EGFP fluorescence (green), DAPI staining (blue) and Annexin V-PE
staining (red), cells expressing ACEGFP (Figure 1C) and AcEGFP-NS1 (Figure 1D) displayed Annexin V-PE staining with intensity greater in ACEGFP-NS1
expressing cells compared to AcEGFP. Staurosporine treated cells demonstrated Annexin V-PE staining. DAPI staining demonstrated nuclear fragmentation and
apparent blebbing in ACEGFP and AcEGFP-NS1 transduced cells and staurosporine treated cells with destruction more extensive in ACEGFP-NS1 expression cells.

ICEGETS]L

Figure 1. Human Parvovirus B19 NS1 protein induces apoptotic blebs and bodies in non-permissive cell line.

(A) Scanning electron microscopic images of non-infected cells, cells transduced with AcCEGFP and AcEGFP-NS1, respectively. ApoBods with potential self-
antigens are detected at 48 h post-transduction as indicated with arrows. Bars 100 um or 10 ym. (B—E) Apoptotic blebs created from NS1 expression show
positively for Annexin V-PE. Laser scanning confocal microscopy images of (B) non-transduced HepG2 cells, (C) cells transduced with AcEGFP, (D) cells
transduced with ACEGFP-NS1, and (E) staurosporine treated cells. Cells were visualized (lower panels) directly for EGFP (green), stained for DNA with DAPI
(blue), and labeled for phosphatidylserine (PS) with Annexin V-PE (red). Upper panels represent the merged image of the bottom panels and the DIC
micrograph to see the morphology of the surface of the cell. Bars 20 um.

doi:10.1371/journal.pone.0067179.g001

In order to evaluate whether B19V NS1 can generate a large-scale source of ApoBods, transductions of HepG2 cells were performed on a larger scale and ApoBods
were consequently purified. After purification, the number of ApoBods was counted by FC (Figure 2A—C). The forward and side scatters from FC studies provided an
oveniew of the apoptotic body population. As shown in Figure 2, dot plot analysis of data was recorded only for 1 min in order to compare the amounts of ApoBods
created for each condition; buffer control, ACEGFP transduction, AcEGFP-NS1 transduction and staurosporine treatment as a positive control (Figure 2A-C,
respectively). The event counts recorded for each condition showed more ApoBods produced from the transduction of ACEGFP-NS1 (910 + 70.00) compared to
AcEGFP transduction (430 + 50.74). The number of ApoBods generated by AcCEGFP-NS1 transduction was comparable to staurosporine, the positive control of
apoptosis, (995 + 70.00) (Table S1, data not shown). The results demonstrated the ability of NS1 to induce apoptosis in the non-permissive cells, and that ApoBods
can be produced in an amount sufficient for further characterization.

1 Minuie

T Apobods . Stmsrorporine Agobods
£ Evest Coust: 1065

Figure 2. Self-antigens are present in ApoBods created by NS1 expression and those ApoBods can be purified and quantified.

Flow cytometry analysis was conducted on purified ApoBods from AcCEGFP and AcEGFP-NS1 transduced cells, and staurosporine positive samples.
Representative dot plots and histograms are provided. Experiments were conducted independently three times. (A) Counts were recorded for 1 min to compare
the amount of ApoBods produced in each condition, buffer control, ApoBods produced from transductions of AcEGFP, ApoBods from ACEGFP-NS1
transduction, and ApoBods from staurosporine treated cells. (B) Event counts were recorded in order to reach 10,000 events to compare the percentage of
green signal from each ApoBods production situation. ApoBods produced from transductions of AcCEGFP, ApoBods from AcCEGFP-NS1 transduction, and
ApoBods from staurosporine treated cells were verified. Buffer control was not added here due to absence of events. (C) Histograms of the green fluorescent
signal from the previous event counts for each ApoBods production condition. Gated bar indicated the percentage of green signal. Fluorescent microscopy
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images of purified ApoBods created from (D) AcEGFP and (E) AcEGFP-NS1 transductions and, (F) Staurosporine treated cells. Purified ApoBods were
visualized directly for EGFP (green), stained for DNA with DAPI (blue), labeled for PS with Annexin V-PE (red), and visualized with DIC microscopy to see the
morphology. Bars 5 ym.

doi:10.1371/journal.pone.0067179.g002

Initial characterization of the ApoBods was conducted with the use of FC. 10,000 events counted from the purified ApoBods were displayed in dot plots for ACEGFP
and AcEGFP-NS1 transductions, as well as staurosporine treatment (Figure 2B, respectively). The percentage of green signal of ApoBods from ACEGFP (18.06 +
2.44) or ACEGFP-NS1 (31.77 £ 4.74) transductions calculated from 10,000 events and compared to ApoBods from staurosporine (8.44 + 1.32) treatment is shown as a
histogram in Figure 2C. The approximately time to collect 10,000 events from AcCEGFP ApoBods (6.47 + 0.29 min) were double compared to the time to collect the
ewvents from ACEGFP-NS1 (2.57 + 0.23 min) and staurosporine ApoBods (2.50 + 0.29 min) (Table S1, data not shown). The analyzed results showed that the
percentage of green signal in the ApoBods from AcEGFP-NS1 induction is higher than AcEGFP induction. In addition, these results indicate that during NS1
expression, a high amount of ApoBods can be created from a non-permissive cell line and NS1 remains inside these bodies as seen in Table S1. Figure 2A—C
displays a representative experiment from 3 independent assays.

Nucleosomal and cytosolic self-antigens are in ApoBods induced with B19V NS1

The presence of EGFP-NS1 in the ApoBods suggests that other associated proteins may also be present, such as DNA damage or associated repair proteins. To
further characterize the ApoBods, the bodies were stained with DAPI and Annexin V-PE to see if DNA and PS antigens were present. Representative fluorescent
microscopy images of purified ApoBods created from AcCEGFP and AcEGFP-NS1 transductions, as well as staurosporine treated cells (Figure 2D-F) indicated the
presence of green signal from EGFP and EGFP-NS1 and red signal from Annexin V-PE binding to external membrane PS as seen in Figure 2D and 2E, respectively.
Staurosporine induced ApoBods stained for DNA (blue) and PS (red) (Figure 2F). The morphology of the ApoBods were as expected and are shown in the DIC images.

Additional examinations were conducted with purified ApoBods to identify other self-antigens. Apoptosis was induced in HepG2 cells for 72 h with AcCEGFP or
ACcEGFP-NS1 recombinant baculoviruses, or staurosporine. The purified ApoBods were immunolabeled for nuclear self-antigens histone H4 (seen as red) and Ku80
(viewed as violet) (Figure 3). ApoBods were stained for DNA with Hoechst (blue) and the morphology is seen in the DIC images. Laser scanning confocal microscopy
was then used to image the contents of immunolabeled ApoBods and evaluate the volume of antigen signal compared to total area of the DNA signal. Representative
confocal images indicated that ApoBods from AcEGFP, AcEGFP-NS1 and staurosporine, Figure 3A—C, respectively, all contain DNA as previously seen. The
ApoBods also contained H4 and Ku80, but to a lesser extent in EGFP induced ApoBods. The ApoBods generated by transduction contained nucleosomal antigens as
well as NS1. Percentages of antigens in ApoBods are displayed in Figure 3D; AcEGFP-NS1 ApoBods showed highest in all protein signals, including nucleosomal
antigens. The EGFP signal was significantly greater than in AcEGFP induced ApoBods (P = 0.002) and, as expected, the control staurosporine (P = 0.000). Similar
labeling experiments were conducted (Figure 4) for apolipoprotein H/beta-2-glycoprotein | (ApoH; red) and lysosomes (Lamp2; violet). These cytosolic constituents
were present in the purified ApoBods. Antigens within ApoBods from AcEGFP-NS1 transductions had significantly increased EGFP and DNA signals when compared
with ACEGFP ApoBods (P = 0.001 for EGFP and P = 0.028 for DNA) and staurosporine ApoBods (P = 0.000 for EGFP and P = 0.033 for DNA), Figure 4D. Purified
ApoBods were also labeled for histones (H2B; red) and another nuclear antigen (Smith; violet) (Figure 5). ApoBods from AcEGFP and AcEGFP-NS1 recombinant
baculoviruses transduction, and from staurosporine treated cells, did not show the presence of H2B within ApoBods, but Smith was present. In Figure 5D, EGFP
signal of AcCEGFP-NS1 ApoBods was higher than those from cells transduced with ACEGFP alone (P = 0.141) or treated by staurosporine (P = 0.014). Moreover,
AcEGFP-NS1 ApoBods also presented Smith signal (an SLE marker) even though not at a significantly higher level than AcCEGFP. In addition, consistent DNA
presence is seen (blue) with these samples, and the characteristic morphology is displayed as viewed in the DIC images. Taken together, specific nucleosomal
antigens and specific cytosolic antigens are indeed present in purified ApoBods from NS1 induction.

Figure 2
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Figure 3. Nuclear antigens histone H4, Ku80, and DNA, are present in NS1 induced ApoBods.

Laser scanning confocal images of purified ApoBods produced from with (A) AcEGFP, and (B) AcEGFP-NS1 transduced cells and (C) staurosporine treated
HepG2 cells. Purified ApoBods were visualized directly for EGFP (green), stained for DNA with DAPI (blue), immune-labeled for H4 (histone-4; red), and for
Ku80 (Ku protein; violet) antigens. DIC microscopy was used to visualize the morphology of the ApoBods. Bars 5 ym. (D) amount of antigen markers in
ApoBods under different conditions presented as mean + SEM, N = 30. *P < 0.05.

doi:10.1371/journal.pone.0067179.9003
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Figure 4. Cytosolic antigens apolipoprotein-H and lysosomal, exist in NS1 induced ApoBods.

Confocal microscopy of purified ApoBods produced from with (A) AcCEGFP, and (B) AcEGFP-NS1 transduced cells and (C) Staurosporine treated HepG2 cells.
Presence of EGFP, DNA, ApoH (apolipoprotein-H), and Lamp2 (lysosomal) antigens are highlighted as green, blue, red and violet, respectively. DIC is
displayed to indicate morphology of the ApoBods. Bars 5 pm. The proportion of amount of antigen markers in ApoBods (wlume of antigens / total area of
ApoBods) was presented as mean + SEM (N = 30), (D). *P < 0.05.

doi:10.1371/journal.pone.0067179.g004
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Figure 5. Lupus specific antigens DNA and Smith are seen in purified ApoBods.

Confocal microscopy images of purified ApoBods produced from with (A) AcEGFP, and (B) AcCEGFP-NS1 transduced cells and (C) Staurosporine treated
HepG2 cells. The visualized for EGFP, DNA, H2B and Smith antigens are presented as green, blue, red and violet. Morphology of the ApoBods are seen in the
DIC image. Bars 5 ym. Antigen markers of ApoBods from each group was seen in (D) by showing as mean + SEM, N = 30. *P < 0.05.
doi:10.1371/journal.pone.0067179.9005

Immune cell recognition of purified ApoBods by differentiated macrophages.

In order to investigate whether these purified ApoBods would have immunological consequence, differentiated macrophages or differentiated THP-1 cells (dTHP-1) were
exposed to the ApoBods from ACEGFP and AcEGFP-NS1 transductions and staurosporine treatment. After 2 h exposure to the ApoBods, the macrophages were
washed, fixed and immunolabeled for lysosomes (red) and stained for DNA (blue). Figure 6 represents images from macrophages exposed to no ApoBods (Figure 6A),
ApoBods from AcEGFP transductions (Figure 6B), ApoBods produced from transductions of ACEGFP-NS1 (Figure 6C), and ApoBods produced from staurosporine
(Figure 6D). The representative confocal images reveal the green fluorescence signal of EGFP (Figure 6B) or EGFP-NS1 (Figure 6C) inside the macrophages.
Staurosporine induced ApoBods, as expected (Figure 6D), did not show signal in the green channel. The DIC images depict the morphology of the cell. The larger
frame is the merged format of the represented cell. ApoBods from AcEGFP and AcEGFP-NS1 transductions were engulfed, these results were verified by the green
signal of ApoBods contained in the macrophages. Thus, engulfment of staurosporine induced ApoBods could not be viewed in this study and hence acted as the
negative control for this experiment. In order to further confirm that the ApoBods were internalized, macrophage engulfment inhibitor studies were conducted with the
use of cytochalasin B (CB, Figure S1A-B). Confocal images indicated that CB treated dTHP-1 cells engulfed fewer ApoBods from AcEGFP (Figure S1A) and
AcEGFP-NS1 (Figure S1B) transductions, as viewed by a lack of green signal inside the cells. When undifferentiated monocytes, THP-1 cells, were exposed to
ApoBods from AcEGFP (Figure S1C) and AcEGFP-NS1 (Figure S1D) transductions, or staurosporine treatment (Figure S1E), the cells did not engulf ApoBods as
seen by a lack of green signal from the ApoBods in the composition images. The number of cells that engulfed the ApoBods and the phagocytic activities (PA) of
differentiated macrophages exposed to the ApoBods were calculated and presented in Table 1. From 1200 cells, 28.6% of the macrophages recognized and engulfed
the ApoBods from ACEGFP transductions; this was similar to ACEGFP-NS1 transductions at 26.3% (P = 0.219). Uptake was inhibited approximately 56.0% when
cytochalasin B was present. Similarly, the macrophages engulfed ApoBods from AcEGFP-NS1 inductions was inhibited by 59.0% in the presence of CB. As expected
ApoBods from the staurosporine treatment provided the null values in this experiment.
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Figure 6. Purified ApoBods induced by NS1 can be engulfed by antigen presenting cells.

Laser scanning confocal microscopy images of differentiated macrophages exposed to (A) no ApoBods, (B) ApoBods from AcEGFP transductions, (C)
ApoBods from AcEGFP-NS1 transductions, and (D) ApoBods produced from staurosporine. Direct viewing from EGFP is seen in green panels, DAPI stained
DNA shown as blue, and lysosomes are immunolabeled with Lamp2 antibody with Alexa594 secondary antibody seen as red. DIC frames represent the cell of
interest. Merged images represent the compositions of labels seen for the particular treated macrophage. Bars 20 pm.

doi:10.1371/journal.pone.0067179.g006

Apoptotic No. of macrophages that engulfed PA No. of macrophages that engulfed ApoBods with PA Inhibited % with

bodies(ApoBods) ApoBods (200 cells x 6) (%) cytochalasin B(200 cells x 6) (%) cytochalasin B
Without 0 0 Not Applicable - -
ACcEGFP transduction 572+37 28.6 252+23 126 56
AcEGFP-NS1 525+24 26.3 218+19 10.9 59

transduction
Staurosporine 0 0 0 0 0

Table 1. Phagocytoic activities of differentiated monocytes exposed to ApoBods.

Macrophages exposed to ApoBods from different treatments, without ApoBods, from AcEGFP transductions, transductions of ACEGFP-NS1, and produced from staurosporine, were evaluated regarding the
number of cells that engulfed the ApoBods. The phagocytic activity was calculated according to the following formula: PA% = (number of macrophages containing engulfed ApoBods/total number of
counted macrophages) x 100. Phagocytotic cells with the preceding ApoBods were treated with CB. The number of cells that engulfed the ApoBods and the number of inhibition percentage are given.
Engulfed ApoBods were counted for 200 cells x 6, total N = 1,200 cells.
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Discussion

NS1 protein stimulate ApoBods production

The mechanisms by which viruses break immune tolerance require further investigation. Apoptosis is an intracellular death pathway to remove cells without provoking a
response to cell debris [52,53]. Morphological evidence of apoptosis consists of cell shrinkage, chromatin condensation, membrane blebbing, and the formation of
ApoBods [53,54] as seen also here (Figure 1). The important roles of apoptosis include the regulation of hematopoetic progenitor cells, the elimination of cells that
have sustained genetic damage or that undergo uncontrolled cellular proliferation, and the prevention of viral replication [55]. Characteristically, the loss of
phosphatidylserine (PS) from the intercellular surface to the outer layer of the plasma lipid bilayer membrane occurs in the early stages of apoptosis [56,57]. During
advanced stages of apoptosis, intracellular fragments independently move to the cell surface creating two discrete structures, namely surface blebs then ApoBods that
actually separate from the remainder cell [57]. Our results demonstrated that B19V NS1 protein in a non-permissive cell line induces high quantities of apoptotic blebs
(Figure 1) and bodies that contain NS1 protein and exposed PS (Figure 2). These NS1 protein induced apoptotic events have been reported earlier [15].

Detection of self-antigens and viral proteins

Apoptotic bleb/bodies usually contain only self-antigens; these self-antigens typically do not cause inflammatory or immune responses [52,53,56]. Impaired clearance
of apoptotic cells has been proposed to cause autoimmunity by increasing the quantity of ApoBods and expanding the diversity of self-antigens presented to the
immune system [58]. In systemic immune diseases such like SLE, antibodies to self-antigens may be used for diagnosis including circulating antibodies to DNA,
nuclear fragments and histones [58,59]. B19V NS1 has been reported to provoke cellular DNA damage [13,18,49,60]. Other studies have detected autoantibodies to
self-antigens post B19V infection [46,61]. Several studies have hypothesized that the mechanism of B19V induced autoimmunity is due to molecular mimicry [62,—64].
Here, we confirm that the purified ApoBods have self-antigens from the cytoplasm and nucleus (Figures 2-5). In addition, some specific autoimmune disease biomarker
autoantibody targets such as DNA, H4, Ku80, ApoH and Smith are present (Figures 3-5). While it has previously been shown that high amounts of EGFP alone
expressed in recombinant systems can adversely affect cell physiology [65], which can lead to apoptosis [66], and components of ApoBods from AcEGFP and
AcEGFP-NS1 transductions were qualitatively quit similar, quantitatively there were 2-fold fewer ApoBods produced from AcEGFP transduction.

Established clinical viral infections, as in the case with herpes simplex virus 1 (HSV-1) [67], hepatitis C virus (HCV) [68], Epstein—Barr virus (EBV) [69], and
cytomegalovirus (CMV) [70], have been reported to induce or exacerbate autoimmune diseases. At least three mechanisms have been proposed to explain this
exacerbation: (1) the immune response to pathogens provides a specific or nonspecific stimulus that promotes activation and expansion of auto-reactive T cells, (2) the
viral pathogen itself may provide a potential role of antigenic stimulus to provoke auto-reactive T cells, and (3) molecular mimicry of a viral epitope may allow self-
antigen expression that can be taken up, processed and cross-presented by APCs [67,71,72].

Engulfment of ApoBods
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Generally, apoptotic cells are cleared rapidly and efficiently as intact cells or ApoBods by professional antigen presenting cells (APCs) or neighboring cells [52-54,56].
This engulfment typically does not elicit an inflammatory or immune responses [53]. Self-antigen translocation can enhance phagocytosis of apoptotic fragments and
presentation of autoantigens [73,74]. We have shown here that the ApoBods are recognized and engulfed by differentiated macrophages (Figure 6 Table 1 Figure S1F),
and this suggests that the B19V induced ApoBods have the potential to provide a repertoire of self-antigens to the immune system. It has been previously reported
that deficiencies of apoptotic clearance processes may expose the immune system to more advanced stages of apoptotic structures [58,74,75]. In apoptosis,
intracellular fragments independently mowe to the cell surface creating two discrete structures, apoptotic blebs then bodies that actually separate from the remainder
cell [57]. These structures serve as autoantigens generating autoantibodies [76]. Nucleosomal NS1 protein modified DNA may contain additional nuclear antigens as
DNA binding protein or NS1 interactive proteins. Uptake of this complex by anergic B lymphocytes specific for DNA or self-antigen would allow presentation of NS1
peptides to NS1 specific T helper cells, thereby breaking tolerance. Reaction to self- and nonself-antigens by APCs and lymphocytes would elicit tissue damage that
in turn accelerates autoimmune disease [77]. Therefore, immune processing of B19V NS1 protein induced ApoBods warrants further investigation.
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Laser scanning confocal microscopy images of the engulfment study that showed no
phagocytosis. Macrophages with the inhibitor cytochalasin B (CB) were exposed to
ApoBods from the following productions (A) AcEGFP and (B) AcCEGFP-NS1 transductions.
Monocytes exposed to ApoBods from (C) AcEGFP transductions, (D) ACEGFP-NS1
transductions, and (E) staurosporine treatment. (F) positive control is macrophages
exposed to ApoBods from AcCEGFP-NS1 transduction. EGFP signal is viewed directly in
the green frame, DNA is stain with DAPI seen in the blue images, and lysosomes
depicted as red when labeled with Lamp2 antibody. Compositions of the labels are seen in
merged images. DIC represents the morphology of the cells. Bars 20 um.

Figure S1.

doi:10.1371/journal.pone.0067179.s001

Laser scanning confocal microscopy images of the engulfment study that showed no phagocytosis. Macrophages with the inhibitor cytochalasin B (CB) were exposed
to ApoBods from the following productions (A) AcEGFP and (B) AcEGFP-NS1 transductions. Monocytes exposed to ApoBods from (C) AcEGFP transductions, (D)
AcEGFP-NS1 transductions, and (E) staurosporine treatment. (F) positive control is macrophages exposed to ApoBods from AcEGFP-NS1 transduction. EGFP signal
is viewed directly in the green frame, DNA is stain with DAPI seen in the blue images, and lysosomes depicted as red when labeled with Lamp2 antibody.
Compositions of the labels are seen in merged images. DIC represents the morphology of the cells. Bars 20 ym.

Table S1.

doi:10.1371/journal.pone.0067179.s002

Purified ApoBods in consequence of NS1 expression presented high quantity and green signal. Quantity of purified ApoBods from transduced cells with AcCEGFP and

AcEGFP-NS1, and treated with staurosporine control from FC 3 different assays were analyzed. The results from each condition presented as mean + SEM (N = 3). P
value < 0.05 is significantly; *compare between AcCEGFP and AcEGFP-NS1, **compare between AcEGFP and staurosporine, and ***compare between AcEGFP-NS1

and staurosporine.
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