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Parvovirus B19V Nonstructural Protein NS1 Induces 
Double-Stranded Deoxyribonucleic Acid Autoantibodies 
and End-Organ Damage in Nonautoimmune Mice
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Background.  Viral infection is implicated in development of autoimmunity. Parvovirus B19 (B19V) nonstructural protein, 
NS1, a helicase, covalently modifies self double-stranded deoxyribonucleic acid (dsDNA) and induces apoptosis. This study tested 
whether resulting apoptotic bodies (ApoBods) containing virally modified dsDNA could induce autoimmunity in an animal model.

Methods.  BALB/c mice were inoculated with (1) pristane-induced, (2) B19V NS1-induced, or (3) staurosporine-induced 
ApoBods. Serum was tested for dsDNA autoantibodies by Crithidia luciliae staining and enzyme-linked immunosorbent assay. 
Brain, heart, liver, and kidney pathology was examined. Deposition of self-antigens in glomeruli was examined by staining with 
antibodies to dsDNA, histones H1 and H4, and TATA-binding protein.

Results.  The B19V NS1-induced ApoBod inoculation induced dsDNA autoantibodies in a dose-dependent fashion. 
Histopathological features of immune-mediated organ damage were evident in pristane-induced and NS1-induced ApoBod groups; 
severity scores were higher in these groups than in staurosporine-treated groups. Tissue damage was dependent on NS1-induced 
ApoBod dose. Nucleosomal antigens were deposited in target tissue from pristane-induced and NS1-induced ApoBod inoculated 
groups, but not in the staurosporine-induced ApoBod inoculated group.

Conclusions.  This study demonstrated proof of principle in an animal model that virally modified dsDNA in apoptotic bodies 
could break tolerance to self dsDNA and induce dsDNA autoantibodies and end-organ damage.

Keywords.   anti-dsDNA antibody; apoptotic bodies; B19V; glomerulonephritis; SLE.
 

Viruses are environmental factors that may facilitate the de-
velopment of autoimmunity and autoimmune disease [1]. 
Common viruses have been associated with autoimmunity in-
cluding Epstein-Barr virus (EBV) and parvovirus B19 (B19V) 
[2–5]; disease associations include systemic lupus erythema-
tosus (SLE), rheumatoid arthritis, myocarditis, fulminant liver 
failure, and glomerulonephritis (GN) [4, 6]. These viruses uti-
lize the helicase superfamily (SF) SF3 common to small deoxy-
ribonucleic acid (DNA) viruses [5, 7, 8].

In B19V, the multifunctional nonstructural protein 1 (NS1), an 
SF3 helicase, appears to be a key player in contributing to auto-
immunity [9, 10]. Parvovirus B19 NS1 is characterized by a nu-
cleoside triphosphate binding domain, a DNA binding domain, 
and the ability to provoke host DNA damage leading to apoptosis  
[6, 9, 11]. We previously demonstrated that expression of B19V 
NS1 in nonpermissive hepatocytes induced single-strand nicks 
and NS1-linked bulky adducts in host cell DNA, activated caspase 
9, and initiated apoptosis characterized by the formation of cy-
toplasmic surface blebs that cleave off to form apoptotic bodies 
(ApoBods) [9, 11, 13]. The ApoBods contain NS1-covalently 
modified self-DNA and common autoantigens, eg, DNA, Smith 
(Sm), apolipoprotein H (β2-glycoprotein I), Ku80, and histone 
H4, and are phagocytized by macrophages [12]. We hypothesized 
that the high quantity of ApoBods containing altered self-DNA 
and common autoantigens, including DNA binding proteins, are 
a critical factor in initiating autoimmunity.

In this study, B19V NS1-induced ApoBods initiated the 
production of autoantibodies and damage of vital tissues. The 
appearance of autoantibodies against dsDNA, a marker of SLE 
[13, 14], was examined as was the impact on autoimmune 
organ targets. This study highlights a mechanism by which a 
common virus using a SF3 family helicase can break self-tol-
erance through reactivity to a viral protein covalently linked to 
self-DNA.
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MATERIALS AND METHODS

Animals

BALB/cOlaHsd, 4- to 6-week-old female mice (Harlan 
Laboratories, Vernay, Netherlands) were maintained at the 
University of Jyväskylä, under Institutional Review Board no. 
PH1237A approved by ELLA, the Animal Experiment Board in 
Finland.

Viral Production

Recombinant B19V NS1 baculoviruses were produced by the 
Bac-to-Bac baculovirus expression system (Invitrogen) as pre-
viously described [12]. Third-generation viruses were tested for 
transduction efficiency before usage.

Production and Purification of Apoptotic Bodies

Parvovirus B19V NS1 or staurosporine (ST) ApoBods were pro-
duced in liver-derived Hep-G2 cells and purified as previously 
described [12]. Parvovirus B19V NS1 baculoviruses expressed 
NS1-enhanced green fluorescent protein (eGFP) fusion proteins. 
The eGFP-expressing ApoBods were not available as controls 
because eGFP-expressing baculovirus fails to induce ApoBod for-
mation [11]. Purified ApoBods were stored at 4°C before immu-
nization of animals. Apoptotic body concentration was measured 
using a NanoDrop 1000 spectrophotometer (Thermo Scientific).

Autoimmunity Induction

Mice (6–8 weeks old) were randomly divided into 9 groups 
(n = 6 mice/group) for different treatments in 2 sets of inde-
pendent experiments. Mice were immunized twice, on ini-
tial treatment day 0 and boosted at week 4, respectively. 
Negative controls were untreated or treated with 0.5 mL phos-
phate-buffered saline (PBS), the diluent used for all ApoBod 
samples. A positive control group was inoculated with 0.5 mL 
pristane (2,6,10,14-tetramethylpenta-decane; Sigma-Aldrich), 
a standard inducer of lupus-like disease in mice [15]. Three 
groups were immunized with B19V NS1-induced ApoBods 
at 25, 50, or 100 µg per 30 grams body weight, respectively; 
3 other groups were inoculated with ST-induced ApoBods at 
the same concentrations. Mice were treated by subcutaneous 
injection, except for pristane where peritoneal injection was 
applied.

Sample Collection

Blood samples were collected at weeks 1, 4, and 8; at week 4, mice 
received the booster injection after blood collection. At weeks 1 
and 4, blood samples were collected from tail veins. At week 8, 
mice were euthanized, and blood samples drawn by cardiac punc-
ture. Blood samples were clotted at room temperature (RT) for 45 
minutes before centrifugation at 850 ×g, and serum was stored 
at −20°C. Brain, heart, liver, and kidneys were rapidly harvested 
from the euthanized mice. Organs were dissected by standard 
procedures [16], and 3- to 5-mm tissue pieces were fixed in 10% 
formalin in double-distilled water (ddH2O) at RT for 48 hours.

Crithidia luciliae Immunofluorescence Test Analysis

A commercial Crithidia luciliae immunofluorescence test or 
CLIFT (IFA 1572-1, IIFT C luciliae sensitive [anti-dsDNA]; 
Euroimmun AG, Germany) determined anti-dsDNA antibodies 
in sera using a fluoresceinated goat antimouse IgG (Euroimmun 
AG, Luebeck, Germany) as secondary antibody conjugate [17] 
(see Supplementary Material).

Enzyme-Linked Immunosorbent Assay Analysis

Enzyme-linked immunosorbent assay (ELISA) was used in 
the detection of anti-dsDNA, as well as anti-eGFP antibodies 
from mouse sera. Double-stranded DNA isolated from healthy 
mouse tissues using a commercial DNA isolation kit (DNeasy 
Blood and Tissue kit; QIAGEN, Germany) was used to assess 
anti-dsDNA antibody production in mouse sera [18]. In addi-
tion, eGFP-coated plates were used in the detection of anti-
eGFP antibodies (see Supplementary Material).

Histological Analysis

Tissues were examined by bright-field microscopy (see 
Supplemental Data).

Nucleosomes Deposit in Kidneys

Paraffin-embedded sections were de-paraffinized and hydrated 
as described in the Supplement. Endogenous peroxidase was 
blocked with 3% hydrogen peroxide. Nonspecific binding in 
samples was blocked with 3% bovine serum albumin (BSA) 
solution at 4°C overnight. Samples were next washed with 
20 dips of Triton solution (0.5% Triton X-100 [Sigma]  +  1% 
BSA + 0.01% sodium azide [NaN3] in PBS). Mixtures of pri-
mary antibodies (25 µL mouse anti-dsDNA (1:500) (MAB1293; 
EMD Millipore Corporation), rabbit anti-Histone 1 (H1, 
1:500) (ab61177; Abcam, Cambridge, UK), rabbit anti-H4 
(1:500) (ab52178; Abcam), and rabbit anti-TATA-binding 
protein ([TBP] 1:200 [ab63766; Abcam] in Triton solution) 
were placed on each sectioned tissue and incubated at RT for 
30 minutes. Samples were washed thrice in Triton buffer for 5 
minutes each, then blocked with BSA solution for 30 minutes 
before secondary antibody mixtures (25 µL) of Alexa Fluor 488 
goat antimouse immunoglobulin (Ig)G (H+L) (A11001; Life 
Technology) and Alexa Fluor 555 goat antirabbit IgG (H+L) 
(A21428, Life Technology) at a dilution of 1:200 each in Triton 
solution were placed on each sectioned tissue, and incubated 
in the dark at RT for 1 hour. Samples were washed thrice with 
Triton solution for 5 minutes each. To prevent autofluores-
cence, Sudan black B blocking was used. Before blocking, sam-
ples were immersed in ddH2O for 20 dips. All samples were 
placed into 0.1% Sudan black B (Merck) in 70% ethanol in the 
dark at RT for 25 minutes. Samples were washed with 3 changes 
of ddH2O for 5 minutes each to remove the remaining Sudan 
black B solution. Finally, samples were mounted with Prolong 
Diamond antifade mountant with 4’,6-diamidino-2-phenylin-
dole ([DAPI] P36962; Thermo Scientific) to stain the kidney 
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cell nuclei. Slides were stored at 4°C in the dark. Fluorescent 
images were obtained using confocal microscopy.

Imaging

Differential interference contrast images were acquired simul-
taneously with the green fluorescent imaging at the excitation 
wavelength of 470  nm. Histological severity scores were 
assessed based on an inflammation and cellular degeneration 
grading system modified from various established scoring sys-
tems (Table  1). Olympus FV10-ASW with a FluoView-1000 
confocal microscope (Olympus) was used to assess the fluo-
rescent images of deposited self-antigens in kidney sections at 
excitation wavelengths of 405 nm for blue fluorescence (DAPI), 
488 nm for green fluorescence (Alexa Fluor 488), and 543 nm 
for red fluorescence (Alexa Fluor 555). The glomerulus was 
selected as the region of interest to identify the nucleosomal 
antigen deposition, including dsDNA and H1/H4/TBP, in the 
structures of the kidneys, and prominently the glomerular base-
ment membranes (GBMs). The intensity of labeled structures 
was measured using the same threshold and particle size range 
to distinguish from the background and other structures (eg, 
red blood cells). The total intensity of fluorescence from the 
immunolabeled nucleosome depositions in GBM was quanti-
fied from the mean intensity multiplied by the total labeled area 
(see Supplemental Data).

Statistical Analysis

Group results were statistically analyzed using IBM SPSS 
Statistics version 22 (IBM Corporation), in 1-way analysis of 
variance and post hoc Tukey’s Honest Significant Difference 
tests. Values were determined as mean  ±  standard error of 
mean. The statistical significance levels were defined as *P < .01 
and #P < .05.

RESULTS

Parvovirus B19 Nonstructural Protein-Induced Apoptotic Bodies 

Elicit Double-Stranded Deoxyribonucleic Acid Antibodies in 

Nonautoimmune Mice

Presence of serum anti-dsDNA autoantibodies was tested at 
weeks 1, 4, and 8 postimmunization. Immunofluorescence 
patterns of C luciliae kinetoplast in the CLIFT assay demon-
strated the presence or absence of anti-dsDNA antibodies as 
illustrated by representative fluorescence patterns of each treat-
ment group (Figure  1A). Untreated and PBS-treated groups 
were negative; in contrast, positive fluorescence was evident 
in pristane and all ApoBods groups. Percentages of positive 
kinetoplasts were determined (Figure  1B); results of negative 
groups represented background reactivity. At every time point, 
a range of 50%–60% was observed in the pristane group, and 
the percentage was significantly greater than negative controls 
at week 1 and week 8 (P = 0–.005) and also greater than all ST 
ApoBods at week 8 (P =  .002–.02). Percentages in B19V NS1 

ApoBods groups at week 1 and week 4 tended to be elevated 
compared with untreated and PBS-treated groups. At week 8, 
percentages in the 100-µg B19V NS1 ApoBods-treated group 
were significantly greater than negatives (P = 0–.001) and all ST 
ApoBods-treated mice (P = .005–.048). Double-stranded DNA 
autoantibodies were also measured by ELISA (Figure 1C). The 
mean absorbance of negative controls and ST ApoBods-treated 
groups was comparable to assay background. The absorbance 
value in the pristane-treated group was significantly greater 
than negatives and ST ApoBods-treated groups at weeks 4 and 
8 (P < .01). The absorbance in B19V NS1 ApoBods-treatment 
groups was also higher than negative controls and ST ApoBods 
groups. Particularly at week 8, anti-dsDNA antibody concentra-
tion increased in a B19V NS1 ApoBod dose-dependent manner. 
Furthermore, absorbance values at 100-µg B19V NS1 ApoBods 
were significantly greater than negatives and all ST ApoBods 
groups at weeks 1 and 8 (P = 0–.016).

The number of mice positive for dsDNA antibodies analyzed 
by both assays is summarized (Table 2). The correlated results 
of CLIFT and ELISA indicated that B19V NS1 ApoBods stim-
ulated the production of autoantibodies in non-autoimmune 
mice. The antibody levels of pristane and 100-µg B19V NS1 
ApoBods-treated groups were significantly greater than nega-
tives and all ST ApoBods-treated groups. Therefore, week 8 was 
studied in subsequent experiments. Using the mean absorbance 
of untreated sera plus 3 SDs as a cut-off, with borderline values 
considered ≥90% but <100% of cut-off, serologic anti-dsDNA 
antibodies were determined at either positive or borderline 
level at week 8 for 100-µg (6 of 6 mice), 50-µg (5 of 6 mice), 
and 25-µg (4 of 6 mice) B19V NS1 ApoBods-treated groups. 
In addition, serum anti-eGFP antibodies were examined using 
ELISA, which demonstrated that all mice did not develop anti-
bodies reactive towards eGFP (see Supplemental Figure 1).

Parvovirus B19-Induced Apoptotic Bodies Elicit Inflammation and Cellular 

Degeneration in Vital Organs

Brain, heart, liver, and kidney were examined by bright-field 
microscopy. Representative images are shown for pristane, 
B19V NS1 ApoBods (Figure 2), and ST ApoBods-treated groups 
(Supplemental Figure  2). Inflammation and cellular degener-
ation were scored by a modified scoring system (Table  1). In 
the brain, degenerative neurons were evident in pristane and 
all B19V NS1 ApoBods-treated groups (Figure 2A). However, 
demyelination was evident only in mice treated with 50- and 
100-µg B19V NS1 ApoBods-treated groups, and it was prom-
inent in the 100-µg B19V NS1 ApoBods-treated group. The 
histology of ST ApoBods sections (Figure 2A–D) were similar 
to the untreated and PBS groups (see Supplemental Figure 2), 
which showed regular architecture and cell distribution.

Semiquantification of histological severity scores sup-
ported imaging results; the scores of pristane and all B19V 
NS1 ApoBods groups were greater than negative controls and 
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Figure 1.  Parvovirus B19 (B19V) apoptotic bodies (ApoBods) are responsible for production of double-stranded deoxyribonucleic acid (dsDNA) autoantibody. (A) Fluorescence 
images of Crithidia lucilae immunofluorescent test (CLIFT) illustrate anti-dsDNA antibody levels in sera from differently treated mice at week 8 postimmunization. The pres-
ence of anti-dsDNA antibodies is determined by the positive green fluorescence of the kinetoplast (yellow arrowheads); an individual C lucilae cell representative of the pos-
itive population in each group is enlarged and displayed at the left lower corner of each panel. Kinetoplast is considered positive when its fluorescence intensity is the same 
or greater than the basal body (B), nucleus (N), or flagellum (F). Without fluorescence of kinetoplast, the cells are defined as negative. Bars, 10 μm. (B) Positive kinetoplasts 
stained with each mouse serum are counted out of 300 C lucilae cells. Percentages of positive kinetoplasts in each group (n = 6 mice/group) are calculated and presented as 
mean ± standard error of the mean (SEM). (C) Relative absorbance value of anti-dsDNA antibodies in each group assessed by the enzyme-linked immunosorbent assay and 
determined as mean ± SEM. Seropositive autoantibodies for each group are examined at week 1, 4, and 8 postimmunization, respectively. Results are compared with negative 
controls, untreated and phosphate-buffered saline (PBS)-treated groups, and all staurosporine (ST)-induced ApoBods groups, respectively. Significant difference considered 
as #P < .05 and *P < .01, whereas – indicates nonsignificance.
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ST ApoBods groups (P <  .01) (Figure 3A). In the heart, infil-
tration of immune cells was evident in pristine-treated mice 
and in mice treated with ApoBods induced by both B19V 
NS1 and ST. Inflammation in pristane-treated and B19V NS1 
ApoBods-treated mouse hearts revealed severity (>50% of the 
whole area) higher than the ST ApoBods groups (<25% of the 
section area). Myocardial degeneration was marked in pristane 
and 100-µg B19V NS1 ApoBods groups (P < .01). Markers of 
myocardial degeneration were higher in the 100-µg B19V NS1 
ApoBods-treated group than the 25- and 50-µg B19V NS1 
ApoBods-treated groups. The semiquantitative severity scores 
of heart sections of pristane, as well as 50- and 100-µg B19V 
NS1 ApoBods groups, were significantly greater than negatives 
and ST ApoBods groups (P  <  .01) (Figure  3B). The severity 
score of the low concentration 25-µg B19V NS1 ApoBods was 
also significantly higher than negative controls (P = .01) and ST 
ApoBods-treated groups (P = .05).

In the liver, infiltrated immune cells were markedly evident 
in pristane-treated and all B19V NS1 ApoBods-treated groups. 
Degenerative signs and hepatocyte vacuolation were apparent 
only in the pristane group. However, histopathology severity 
scores of pristane and 100-µg B19V NS1 ApoBods groups were 
significantly higher than negatives and ST ApoBods groups 
(P < .01). Severity scores of 25- and 50-µg B19V NS1 ApoBods 
groups were significantly greater than negative (P < .01) and 
ST ApoBods groups (P  =  –.05). Finally, in the kidney, infil-
trated immune cells and cellular degeneration were prom-
inent in 50- and 100-µg B19V NS1 ApoBods similar to the 
pristane-treated group (>2/3 of the section) (Figure  2D). 
However, 25-µg B19V NS1 ApoBods also demonstrated these 
stigmata but at a slightly lower severity (1/3–2/3 of the sec-
tion). Kidney sections of ST ApoBods-treated mice presented 

a few infiltrated immune cells without cellular degeneration; 
the architecture was similar to that of the negative controls 
(Supplemental Figure 2A-iv). Semiquantitative severity scores 
of pristane, as well as all 100-µg B19V NS1 ApoBods, were 
significantly greater than negatives and ST ApoBods groups 
(P  <  .01); those of 25- and 50-µg B19V NS1 ApoBods were 
higher than ST ApoBods (P < .05).

Glomerulonephritis and Systemic Lupus Erythematosus-Like Self-

Antigen Deposition in Parvovirus B19 Nonstructural Protein Apoptotic 

Bodies-Treated Groups

Glomerulonephritis was determined by scoring the histopatho-
logical features (Table 1). Representative bright-field microscopy 
images are shown (Figure 4A and Supplemental Figure 2B-i). 
Typical glomerular structure was evident in the negative groups 
and all ST ApoBods-treated groups. Glomerulonephritis stig-
mata (glomerular cell proliferation, mesangial proliferation, 
and capillary thickening) were evident in pristane-treated and 
50- and 100-µg B19V NS1 ApoBods-treated groups. Severity 
scores for inflammation, tubulointerstitial lesions, and glomer-
ular lesions were at mild to moderate levels in pristane-treated 
and 100-µg B19V NS1 ApoBods-treated groups. Deposition of 
nucleosomal antigens in GBMs was investigated (Figure 4 and 
Supplemental Figure 2B). A nucleosomal antigen (dsDNA) was 
prominently deposited in the GBMs as expected. Staurosporine 
ApoBods groups had no deposited nucleosomal antigens in 
the glomeruli. The same sections were also stained with IgG 
to nucleosomal H1/H4/TBP; these nucleosomal antigens were 
detected at very low levels and not localized to the glomeruli 
(data not shown). The intensity of fluorescence from nucleo-
some depositions in each glomerulus was measured (n  =  30 
glomeruli/group), and that of deposited dsDNA was quantified, 

Table 2.  Autoantibodies to dsDNA Detected From Seraa

Treatments (6 Mice/Group)

Week 1 Week 4 Week 8

CLIFT ELISA CLIFT ELISA CLIFT ELISA

Pos Equi Pos Equi Pos Equi Pos Equi Pos Equi Pos Equi

Untreated 0 0 0 0 0 0 0 0 0 0 0 0

PBS 0 0 0 0 0 0 0 0 0 0 0 0

Pristane 4 0 4 0 4 1 6 0 3 1 6 0

25 μg B19V NS1 2 1 2 0 0 0 1 1 0 1 3 1

50 μg B19V NS1 0 1 1 1 1 1 0 0 0 0 2 3

100 μg B19V NS1 1 0 5 0 3 0 4 2 5 1 4 2

25 μg ST 2 0 1 0 1 1 1 1 0 0 0 0

50 μg ST 1 1 0 2 0 0 0 0 1 1 0 1

100 μg ST 0 0 0 0 1 0 1 0 0 1 1 0

Abbreviations: B19V, parvovirus B19; CLIFT, Crithidia luciliae immunofluorescence test; dsDNA, double-stranded deoxyribonucleic acid; ELISA, enzyme-linked immunosorbent assay; Equi, 
equivocal; NS1, nonstructural protein 1; PBS, phosphate-buffered saline; Pos, positive, ST, staurosporine. 
aThe CLIFT and ELISA assays were used to analyze autoantibodies against dsDNA in sera samples at week 1, 4, and 8 postimmunization. The number of positive samples per each group 
is indicated. The cut-off values at each time point for the CLIFT and ELISA assays are calculated by the mean percentage of the relative absorption unit of the untreated group plus 2 or 3 
standard deviations of the mean of the untreated group, respectively. The cut-off values of CLIFT assay at week 1 = 40.49%, week 4 = 44.74%, and week 8 = 51.39%. The cut-off values of 
ELISA assay at week 1 = 1.133, week 4 = 1.110, and week 8 = 1.260. Values greater than cut-off are determined as Pos, whereas values higher than 90% but less than 100% of the cut-off 
are considered as Equi.

http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy614#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy614#supplementary-data
http://academic.oup.com/jid/article-lookup/doi/10.1093/infdis/jiy614#supplementary-data
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illustrated in the column scatters (Figure  5). The mean in-
tensity of fluorescence of the pristane group was the highest, 
whereas all B19V NS1 ApoBods groups demonstrated approx-
imately half of the pristane value. Pristane-treated groups, 
50- and 100-µg B19V NS1 ApoBods-treated groups (P < .01), 
as well as 25-µg B19V NS1 ApoBods (P < .05) exhibited fluo-
rescence intensity greater than negatives and ST ApoBods 
groups. Fluorescence intensity of H1/H4/TBP depositions was 
quantified and shown in Figure 5. Pristane-treated and 100-µg 
B19V NS1 ApoBods-treated groups were at comparable levels. 
The signal of pristane-treated and 100-µg B19V NS1 ApoBods-
treated groups were significantly greater than negatives (P = 0) 
and ST ApoBods (P = 0–.015) groups.

DISCUSSION

Apoptotic Bodies Contribute to Autoimmunity

The onset of apoptosis at the late stages of viral infection is an 
important step in the life cycle of many viruses [29], including 
EBV [30] and B19V [9, 11, 31, 32], to spread progeny virions 
and evade host immune responses [29, 33]. The defective clear-
ance of apoptotic cells and bodies may occur in viral infections 
because of increased apoptosis and decreased or absent phago-
cytic activities [34]. Defective clearance of apoptotic cells and 
bodies are factors that are thought to contribute to autoimmune 
disease [33–35]. In our study, SLE-like autoimmunity devel-
oped in non-autoimmune mice immunized with viral-induced 
ApoBods. Expression of autoantibodies against dsDNA as well 
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as inflammation and damage in major organs were demon-
strated (Figures 2 and 3). The site-specific organ inflammation 
we observed is consistent with a pathogenic role for ApoBods 
in autoimmunity [36]. The development of autoimmunity in 
animals immunized with apoptotic cells has been investigated, 
and those studies observed the production of self-reactive auto-
antibodies, eg, antinuclear antibody and anti-dsDNA antibody, 
but without development of histopathology [37, 38]. However, 
our study is the first to demonstrate the pathogenesis of autoim-
munity by immunizing with virally induced ApoBods in vivo. 
In this instance, the ApoBods contained self-DNA covalently 
modified by B19V NS1 [9, 12]. Histological markers (Figure 4) 
and nucleosome deposition (Figure 5) in the glomeruli demon-
strated the ability of virally induced ApoBods to induce GN. 
Renal injury may result from deposition of high concentrations 
of circulating antigen-antibody complexes [39]. Deposition 
of nucleosomes or chromatin fragments are likely the bind-
ing targets of autoantibodies that leads to lupus nephritis [40, 
41]. These depositions, particularly dsDNA and anti-dsDNA 

antibody complexes, are essential markers of GN in SLE [42]. 
The deposition of dsDNA and anti-dsDNA antibodies com-
plexes has been observed in both murine SLE models and 
human SLE [43]. In general, GN progresses after impaired 
clearance of apoptotic cells has occurred [44]. In addition, the 
development of GN has commonly developed in persistent viral 
infections, including EBV and B19V [4, 10].

Although viral infection has been proposed to play a role 
in the prototype autoimmune disease, SLE, the mechanism 
of the initial immunological insult remains unclear. It is par-
adoxical that anti-dsDNA is the hallmark pathogenic bio-
marker of SLE given that purified DNA is a poor experimental 
immunogen. We previously demonstrated that B19V infection 
of cells nonpermissive for virion production, eg, hepatocytes, 
express B19V nonstructural protein helicase, NS1, with min-
imal to no production of capsid protein [32]. The expression 
of NS1 induces apoptosis via the caspase 9 intrinsic pathway. 
Caspase 9 is activated as a consequence of NS1-mediated dam-
age to host cell DNA [9, 11, 45, 46]. NS1 activates poly (ADP 
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ribose) polymerase (PARP) as a response to NS1 single-strand 
nicking of host cell dsDNA. More central to development of au-
toimmunity, NS1 covalently links to host cell dsDNA to form 
bulky adducts. NS1 bulky adducts induce activation of ATM 
(ataxia-telangiectasia mutated)/ATR (ATM- and Rad3-Related) 
DNA repair pathways [9]. Both PARP and ATM/ATR repair 
pathways are energy depleting; extensive DNA damage and re-
pair response depletes energy stores and presumably induces 
mitochondrial instability leading to caspase 9 activation [9]. We 

also previously demonstrated that NS1-modified self-DNA is 
incorporated into ApoBods along with DNA binding proteins 
and that these ApoBods are ingested by antigen-presenting cells 
(APCs) [12]. We hypothesized that APCs can process NS1 pro-
tein and present NS1 peptides to NS1-specific T lymphocytes 
[9]. Anergized dsDNA-specific B lymphocytes can internalize, 
via their anti-dsDNA B cell receptor, NS1 covalently linked to 
nucleosomal DNA. The B lymphocyte in turn can process and 
present NS1 peptides via major histocompatibility complex 
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to activated NS1-specific T lymphocytes, thereby receiving 
coactivation signals that break tolerance [9]. The current study 
supports our previous in vitro studies and provides proof of 
principle in an in vivo model.

The results indicate that the impact of NS1 on the induction 
of apoptosis and formation of ApoBods was key to breaking 

self-tolerance. Other members of this helicase family include 
tumor antigen of simian virus 40, E1 protein of human papil-
lomavirus type 1a, E1 of bovine papillomavirus type 1, Rep40 
of adenoassociated virus 2, and NS1 of porcine parvovirus [5, 
7, 47]. These common viruses and their helicases share similar 
activities that cause DNA damage and apoptosis. Their helicases 
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and their interactions with viral dsDNA are essential to various 
steps in viral replication and the viral life cycle.

Our series of studies helps to explain observations by others 
that some cases of human SLE disease onset are preceded by sev-
eral years by the appearance of antibodies to EBV nuclear antigen 
(EBNA) and that a shared epitope between EBNA and Sjögren syn-
drome A (SSA, or Ro) antigen leads to autoimmunity via epitope 
spreading [48, 49]. The B19V and EBV helicases are both members 
of the SF3 superfamily. We propose that the mechanism that breaks 
DNA tolerance and leads to autoimmunity that we demonstrated in 
our series of studies explains previous EBV observations in human 
SLE [47, 48]. It also explains why the presence of SSA antibodies 
are found in only a minority of SLE patients, in that SSA shows 
molecular mimicry with EBNA, but SF3 viral helicases other than 
EBNA, eg, B19V NS1, can induce antibodies to dsDNA. Because 
various helicases are encoded in bacteria, and viruses, inhibition of 
pathogen-specific helicase activity is a potential novel therapeutic 
target to prevent or control autoimmune disease [7].

CONCLUSIONS

In summary, the results in this study demonstrated how a com-
mon virus can break tolerance to self-DNA and promote patho-
genesis of autoimmunity. We demonstrated that viruses are 
capable of triggering SLE-like disease by modifying self-DNA 
and inducing apoptosis and dsDNA autoantibodies, leading to 
pathology. These results encourage development of novel ther-
apeutic strategies to prevent the progression of autoimmunity 
after viral infections.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
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