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Published online: 04 April 2017 . specific treatments have been developed so far. In autoimmune diseases mediated by pathogenic
. autoantibodies, such as systemic lupus erythematosus, the specific detection and analysis of
autoreactive B cells is crucial for a better understanding of the physiopathology. Biological
characterization of these cells may help to define new therapeutic targets. Very few techniques allowing
the precise detection of autoreactive B cells have been described so far. Herein we propose a new flow
cytometry technique for specific detection of anti-nucleosome B cells, which secrete autoantibodies
in systemic lupus erythematosus, using labeled nucleosomes. We produced different fluorochrome-
labeled nucleosomes, characterized them, and finally tested them in flow cytometry. Nucleosomes
labeled via the cysteines present in H3 histone specifically bind to autoreactive B cells in the anti-
DNA transgenic B6.56R mice model. The present work validates the use of fluorochrome-labeled
nucleosomes via cysteines to identify anti-nucleosome B cells and offers new opportunities for the
description of autoreactive B cell phenotype.

Many autoimmune diseases, such as systemic lupus erythematosus (SLE), are characterized by the presence of B
cells that are directed against self antigens (i.e. autoreactive B cells) and produce autoantibodies (autoAbs)'. In
these autoimmune diseases mediated by pathogenic autoAbs, the specific detection and analysis of autoreactive B
cells is a key point to understand the physiopathology of the disease. The phenotypic analysis of these cells by flow
cytometry would potentially lead to the description of new specific markers of autoreactive B cells. In addition
it could give interesting information about the biological abnormalities which characterize these cells, and may
help to find new therapeutic targets.

In healthy individuals, tolerance mechanisms prevent the development and the activation of auto-
reactive B cells, but these mechanisms are deficient in autoimmune diseases. Indeed SLE - a prototypic
autoantibody-mediated autoimmune disease - is characterized by a loss of tolerance to nuclear antigens, due to a
deficient clearance of apoptotic cells®>>. Nuclear antigen recognition leads to an abnormal auto-reactive immune
response, in which B cells play a central role with the production of pathogenic autoAbs, as anti-double stranded
DNA (anti-dsDNA) or anti-nucleosome antibodies*”’. Anti-nucleosome antibodies are part of a large family
of antibodies directed against epitopes of histones, dSDNA or conformational epitopes created by the interac-
tions between dsDNA and histones®. They may precede the clinical development of SLE up to 10 years*, and as
anti-DNA antibodies, they are SLE-specific and associated with the disease activity®. These autoantibodies form
immune complexes within blood vessels and kidneys leading to chronic inflammation, and thus play a critical
role in the pathogenesis® 1°-12. However the exact phenotype of B cells producing these autoAbs in SLE remains
unknown.

Very few techniques allowing the detection of antigen-specific autoreactive B cells using flow cytometry
have been described in the literature!*~'®. In SLE, some studies used small linear peptide sequences'* !¢, limiting
the number of autoepitopes (protein sequences recognized by autoreactive B cells) and therefore resulting in
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Figure 1. Protein sequences of histones. Protein sequences of histone regions which are exposed at the surface
(blue). Lysine bearing free amine group (orange); Cysteine (Red).

the isolation of only a small fraction of the pathogenic autoreactive B cells. In addition, other studies used an
anti-idiotype antibody called 9G4 to label and characterize autoreactive B cells from SLE patients'>!-2!. However
9G4 recognizes B cell antigen receptors (BCRs) on many autoreactive B cells, and also on other unrelated targets
that are not linked to the pathogenesis of the disease, such as N-acetyl-lactosamine determinants of blood group
antigens or CD45 surface protein?-%%, limiting results interpretation. In order to develop a technique for the
detection of autoreactive B cells by flow cytometry in SLE, we chose the nucleosome - the basic unit of chroma-
tin - as an autoantigen. Nucleosome is composed of 146 DNA base pairs wrapped around two copies of histones
H2A, H2B, H3 and H4 (the core histones)*»?°. Free circulating DNA is usually not found in SLE patient, but
rather exists in the form of circulating nucleosomes?, suggesting that the nucleosome is both the driving immu-
nogen and the target of anti-dsDNA antibodies. The nucleosome, the major autoantigen in SLE**-*, possesses
multiple autoepitopes, including DNA. Therefore, the use of labeled nucleosomes could be more adapted to the
isolation of a large spectrum of representative pathogenic B cells than the use of a linear peptide that can only
isolate a small fraction of autoreactive B cells.

The aim of this study was to produce and characterize fluorochrome-labeled nucleosomes, and finally test
them for the detection of anti-nucleosome B cells. Cysteine-labeled nucleosomes display a suitable fluorescence
and can specifically bind to autoreactive B cells in the anti-DNA transgenic B6.56R mice model. In addition, the
use of antibodies blocking the BCR inhibited this labeling, arguing for a BCR selective binding of the labeled
nucleosomes. Thus, the present work opens up the use of cysteine labeled nucleosomes to identify and character-
ize anti-nucleosome B cells for a better understanding of SLE physiopathology.

Results and Discussion

Nucleosome labeling and characterization. 1In order to develop a new flow cytometric method to
detect autoreactive B cells, we chose the nucleosome as an autoantigen. Nucleosomes were isolated from L1210
or HEK293 cell line (referred as “native nucleosomes”) and labeled. As free amino groups are abundant at the
major epitope sites of nucleosomes (Fig. 1), strategies using lysine labeling were excluded, to avoid a blocking of
major epitopes and a potential loss of recognition by autoreactive B cells. We performed a cysteine-labeling of the
histone H3 - the only one among the core histones to possess this amino-acid — with a AlexaFluor 488 maleimide
(referred as “cysteine nucleosomes”) (Fig. 1). High salt concentration was used to increase thiols availability to the
maleimide®" %2, followed by a desalting dialysis to allow gradual reassembly of the nucleosome’> 3%,

Samples were extensively dialyzed after nucleosome isolation and labeling, to ensure the removal of small
proteins and free reagent (Supplementary Fig. S1). DNA analysis on 1.2% agarose gel, after proteinase K diges-
tion, showed the presence of a 150 bp band, corresponding to mononucleosomes (Fig. 2a). Separation and char-
acterization of proteins — based on polyacrylamide gel electrophoresis — highlighted the presence of the histone
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Figure 2. Characterization of native and labeled nucleosomes (cropped gel). (a) Analysis of nucleosome DNA
content (500 ng of DNA) by agarose gel (1.2%) after proteinase K digestion. L: ladder; S: sample. (b) Analysis
of nucleosome proteins (equivalent to 1.5 ug of DNA) by SDS/PAGE (18%) after Coomassie Blue staining

(left) or under UV light before Coomassie Blue staining (right). Native: native nucleosome; Cysteine: cysteine
nucleosome. (c) Analysis of cysteine nucleosome DNA content (500 ng of DNA) by agarose gel (1.2%) before
(S1) or after (S2) proteinase K digestion. L: ladder; S: sample. The non-cropped images of the gels are presented
in Supplementary Fig. S3.

octamer, composed of the four histones H2A, H2B, H3, H4, and histone H1, which is a linker between the his-
tones octamer and the DNA¥. The purity of the samples was high considering the almost complete absence of
other bands (Fig. 2b, left). Exposition of the polyacrylamide gel to UltraViolet, before Coomassie Blue staining,
allowed the detection of the AlexaFluor 488 in the nucleosomes. The labeling was specific to H3, the only his-
tone containing cysteines. Labeled H3 displayed a strong fluorescence (Fig. 2b, right) that was confirmed by
flow cytometry analysis (Supplementary Fig. S2). In addition, the integrity of cysteine nucleosome was evaluated
by separation on 1.2% agarose gel. Cysteine nucleosomes ran much slower than the DNA they contain, which
migrated to 150 bp after proteinase K digestion®*-, confirming that cysteine nucleosomes were intact (Fig. 2¢).

Effective nucleosome-autoAbs interaction after nucleosome labeling. An ELISA technique
was used to test whether anti-nucleosome autoAbs recognized such labeled nucleosomes. A less effective
antigen-antibody interaction could occur if the labeling leads to nonaccessible epitopes or a conformational
change of the histone octamer. Plates were coated with native or cysteine nucleosomes, then incubated with
serum containing anti-nucleosome IgG and IgM. For this purpose, we used sera from B6.56R mice (56R mice
on C57BL/6 background), i.e. transgenic mice whose B cells express autoreactive BCRs and produce autoAbs
directed against dsDNA, ssDNA and histones/DNA complexes® . Therefore, serum-derived antibodies from
B6.56R mice recognize largely DNA and their ability, through that recognition, to bind nucleosomes was com-
pared to serum-derived antibodies from control C57BL/6 mice. Native nucleosomes were highly recognized by
IgM (Fig. 3a) or IgG (Fig. 3b) autoAbs from B6.56R mice, unlike immuglobulins from control mice. As expected,
the labeling of nucleosomes did not change the binding capacity of IgM (Fig. 3a) or IgG (Fig. 3b) from B6.56 R. To
assess the antigenic composition and how these labeled nucleosomes would react with autoantibodies against his-
tones, we used an anti-H4 antibody specific for the amino-terminal sequence of histone H4 - a surface exposed
region (Fig. 1). The anti-H4 antibody reacted with labeled nucleosomes, in a dose-dependent manner (Fig. 3c).
Therefore, cysteine nucleosomes appeared as good candidates for a flow cytometry use.

Detection of anti-nucleosome B cells by flow cytometry using labeled nucleosomes.  The auto-
reactive 56R heavy chain knock-in mice model is a very useful and well-described model in order to study how
tolerance against an ubiquitous antigen takes place*"*%. When combined with endogenous light chain, the 56R
transgene — a mutated form of the anti-DNA 3H9 transgenic heavy chain - forms a BCR with increased affinity
and specificity for dsDNA, ssDNA and histones/DNA complexes*” *. The detection of autoreactive B cells in
this model is based on the identification of cells carrying the transgene by PCR, or by flow cytometry using

anti-haplotype antibodies: anti-IgM?® antibody binds to BCR expressing the “a” haplotype, which corresponds
to the 56R transgenic heavy chain that potentially recognizes the autoantigens, and anti-IgM® antibody binds to
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Figure 3. Recognition of labeled nucleosomes by antibodies from B6.56R and control (C57BL/6) mice. Serum-
derived IgM (a) or IgG (b) from B6.56R mice (black; n=>5) and C57BL/6 mice (grey; n=>5) were tested by
indirect ELISA against nucleosomes. The histograms represent the optical density (mean & SEM) obtained with
labeled or native nucleosomes. (c) The reactivity of an anti-H4 antibody (1/500, 1/1000 and 1/2000 dilutions)
was tested by indirect ELISA against cysteine nucleosomes. A negative control without nucleosome was added
(white bar). Statistical comparison was carried out using nonparametric two-tailed Mann-Whitney test. Native:
native nucleosome; Cysteine: cysteine nucleosome. **P < 0.005.

BCR expressing the “b” haplotype, i.e. the endogenous heavy chains*’. As shown in Fig. 4a, most B cells in B6.56R
mice expressed the transgene, with a majority of B220" B cell expressing IgM? (75.20% = 1.95) compared to IgM®
(8.82% =% 0.69), while C57BL/6 mice did not express the transgenic allele and therefore had only IgM" B cells
(96.16% +0.09).

In B6.56R mice, B cells expressing the 56R transgene partially escape tolerance mechanisms and produce auto-
Abs in the periphery*~*>. However, due to editing of the variable regions or to the possibility to pair with particu-
lar light chains, only a fraction (36%) of spontaneous hybridomas from B6.56R mice really bind the autoantigen*.
Consequently the identification of the heavy chain using only anti-IgM® labeling is not the best way to determine
the phenotype of autoreactive B cells. The co-staining with labeled nucleosomes could, however, resolve this issue.

Indeed, a significant proportion of B cells from B6.56R mice recognized cysteine nucleosomes, while only a
few B cells from C57BL/6 mice were labeled (17.40% == 1.46 vs. 1.51% = 0.19) (Fig. 4b). In contrast, T cells did not
bind cysteine nucleosomes (Fig. 4c) both in B6.56R mice (0.54% =+ 0.16) and in C57BL/6 mice (0.28% =4 0.02).
Microscopy analysis confirmed the absence of nucleosomes’ labeling on B cells from control mice and a nucle-
osome punctuate membrane staining on a fraction of B cells in B6.56R mice (Supplementary Fig. S4a,b). In addi-
tion, this staining was highly specific to IgM** B cells, with only few IgM®* B cells being labeled in B6.56R mice
(21.19% = 1.78 in IgM** B cell population, vs. 2.38% =4-0.27 in IgM"* B cell population) (Fig. 4d), confirming that
the labeling was selective of transgenic IgM** B cells.

To demonstrate that the staining with nucleosomes on IgM** B cells was BCR-specific, B cells were incubated
with an anti-mouse Fab antibody before labeling with nucleosomes. This antibody binds to the BCR (containing
two Fab fragments), leading to steric hindrance*” and partial BCR internalization*®*’, and thereby prevents anti-
gen recognition. Pre-incubation with an anti-Fab antibody highly inhibited nucleosome binding on B cells from
B6.56R mice (17.40% + 1.46 without anti-Fab vs. 3.76% =+ 0.68 with anti-Fab antibodies). In contrast, we did not
detect any significant inhibition on B cells from C57BL/6 mice (1.51% =+ 0.19 without anti-Fab vs 0.98% £ 0.07
with anti-Fab antibodies) (Fig. 5). In addition, BCR clusters containing nucleosomes could be identified after B
cell activation (Supplementary Fig. S4c). Together, these data confirmed that cysteine nucleosomes bind to IgM**
B cells in a BCR specific manner.

To extend our results, we performed an ELISA test using sera from BW mice, a mouse strain that spontane-
ously develop lupus-like disease™, and BALB/c mice as control. As expected, only BW mice sera reacted with
native or cysteine nucleosomes. Similar results were obtained with serum from SLE patients and nucleosomes
extracted from HEK293 cells, a human cell line (Fig. 6). A preliminary flow cytometry experiment on B cells
from BW mice and one SLE patient showed a detectable staining with cysteine nucleosomes (Fig. 7). Altogether,
these data showed that cysteine labeled nucleosome could be used to explore the phenotype of anti-nucleosome
autoreactive B cells.
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Figure 4. Cysteine nucleosome selectively stained the B cells carrying the transgenic heavy chain, from B6.56R
mice. (a) Plots of cysteine nucleosomes loaded lymphocytes (upper diagrams) and flow cytometry analysis of
IgM?** or IgM"* splenic B cells subsets (lower diagrams; percentage of B220* cells in the lymphocyte gate) in
B6.56R mice compared to C57BL/6 mice. (b, left) Representative plots of splenic B220" B cells staining with
labeled nucleosomes, in B6.56R mice and C57BL/6 mice. (b, right) Frequency of splenic cysteine nucleosome
positive B cells (percentage among B2207 cells) in B6.56R mice (black) and C57BL/6 mice (grey). (c, left)
Representative plots of CD3* T cells staining with cysteine nucleosomes, in B6.56R mice and C57BL/6 mice.

(¢, right) Frequency of splenic cysteine nucleosome positive T cells (percentage among CD3 cells) in B6.56R
mice (black) and C57BL/6 mice (grey). (d, left) Representative plots of splenic IgM"*B220* or [gM**B220* B
cells staining with labeled nucleosomes, in B6.56R mice. (d, right) Frequency of cysteine nucleosome positive B
cells (percentage among IgM"*B220* or [gM**B220" cells) in B6.56R mice (black: [gM*; white: [gM?) compared
to IgMP*B220* cells from C57BL/6 mice (grey). Mean + SEM for 5 mice. Statistical comparison was carried out
using nonparametric two-tailed Mann-Whitney test. **P < 0.005.

Conclusion

The development of autoreactive B cells is tightly regulated in healthy individuals. A breakdown in tolerance
mechanisms may result in the emergence of autoreactive B cells and the production of pathogenic autoAbs, lead-
ing to autoimmune disease development. In order to better characterize autoreactive B cells in SLE - a proto-
typic autoantibody-mediated autoimmune disease — we chose the main autoantigen responsible for pathogenic
autoantibody production: the nucleosome. Different strategies were tested to set up a flow cytometry labeling
protocol of autoreactive B cells with fluorescent nucleosomes. (i) One approach used nucleosomes labeled via
EdU (5-ethynyl-2'-deoxyuridine), a nucleoside analog of thymidine, that is incorporated into DNA during active
DNA synthesis®® and detected with a click reaction (“Huisgen’s reaction” or 1-3 dipolar cycloaddition)®. As
copper, which is known to be toxic and cause protein alterations and DNA cleavages® >, is required for the click
reaction to proceed, we stop using this method (data not shown). (ii) As a second approach, we produced nucle-
osomes coupled to the green fluorescent protein (GFP) by transducing HEK293T cells with a lentivirus allowing
the expression of GFP fused to the C-terminal part of histone H2B. However these nucleosomes displayed a low
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Figure 5. Cysteine nucleosome staining on IgM** B cells from B6.56R mice is BCR-specific. (a) Representative
plots of splenic B220* cells staining with labeled nucleosomes, without (left) or with (right) pretreatment with
an anti-Fab antibody, in B6.56R mice compared to C57BL/6 mice. (b) Frequency of cysteine nucleosome™
B2207 cells (percentage among B2207 cells; mean & SEM; n=5), with (grey) or without (black) pretreatment
with an anti-Fab antibody, in B6.56R mice compared to C57BL/6 mice. Statistical comparison was carried out
using nonparametric two-tailed Mann-Whitney test. **P < 0.005.
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Figure 6. Recognition of labeled nucleosomes by antibodies from BW mice, BALB/c mice, SLE patients and
healthy donors. (a) IgG from BW mice (black; n=5) and BALB/c mice (grey; n=5) sera were tested against
nucleosomes in an indirect ELISA test. Nucleosomes were isolated from L1210 murine cell line (b) IgG from
SLE patients (black; n=5) and healthy donors (grey; n=>5) sera were tested against nucleosomes in an indirect
ELISA test. Nucleosomes were isolated from HEK293 human cell line (b). Statistical comparison was carried out
using nonparametric two-tailed Mann-Whitney test. Native: native nucleosome; Cysteine: cysteine nucleosome.
*P <0.05, **P < 0.005.

fluorescent intensity, not sufficient to clearly detect the autoreactive B cells (data not shown). (iii) Finally, the
labeling of cysteines with AlexaFluor 488 appeared to be adapted for the study of autoreactive B cells in B6.56R
mice, with a suitable fluorescence for flow cytometry use and a BCR-specific labeling.
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Figure 7. (a) Plots of nucleosome staining in splenic B220* B cells in BW mice compared to BALB/c mice. (b)
Plots of nucleosome staining in CD19" B cells from SLE patient and healthy donor.

56R mice allowed great progress in understanding the mechanisms of B cell tolerance®»*>4%55-37 However, the
study of tolerance in these mice was limited as autoreactive B cells could not be finely individualized. In fact, the
description of the behaviour of IgM** cells in these animals compared to IgM®* cells did not take into account the
editing process of the light chain able to modify the BCR specificity. The technique described herein allowed us
to identify such potentially pathogenic B cells, and could be used to further characterize the breakdown of B cell
tolerance in this model, based on the anti-nucleosome activity of autoreactive B cells.

In addition, this technique could be used for the detection of autoreactive B cells in BW mice lupus nephritis
models, and in SLE patients. Cysteine nucleosomes were well recognized by BW or human autoAbs, and a pre-
liminary flow cytometric experiment showed a detectable staining on B cells from BW mice and SLE patient,
although, as expected'* !¢, the number of stained cells was low. Various improvements of this technique are still
conceivable, such as the use of sorted B cells and labeled nucleosomes derived from apoptotic cells. Indeed, the
immunogenicity of apoptotic nucleosomes is more important, and sera from SLE patients display an higher reac-
tivity with apoptosis-specific chromatin modifications®®~%2. Adaptation and application of this new technique in
humans would be of great interest to determine the phenotypic difference of anti-nucleosome B cells between
quiescent (in inactive phase) and active SLE patients, and healthy subjects. This will undoubtedly lead to a better
understanding of SLE physiopathology and to a potential effective therapeutic targeting of the pathogenic auto-
reactive cells, which remains a real challenge for the moment.

Materials and Methods

Patients and samples. 5 patients with the diagnosis of SLE were selected for sera analysis. All SLE patients
fulfilled the American College of Rheumatology (ACR) classification criteria for SLE®®. Only patients with no
treatment, or hydroxychloroquine, or steroids less than 20 mg per day and without immunosuppressive treat-
ments in the previous 6 months, at the time of diagnosis, were included. The study was conducted in accordance
with the principles of the Helsinki declaration. Informed consent was obtained from the parents or legal wards
of the patients and the study protocol was approved by the Clinical Research Ethics Committee of Strasbourg’s
University Hospital.

Mice. 47 to 51 weeks-old proteinuric female (NZBxNZW)F1 mice (also known as BW mice) or control
BALB/c mice, and 7 to 9 weeks-old C57BL/6 (carrying Igh-b, i.e. the “b” allotype of heavy chain constant region)

or B6.56R (carrying Igh-a, i.e. the “a” allotype of heavy chain constant region) mice were bred and maintained
in the I.B.M.C. (Cellular and Molecular Biological Institute) animal facility (approved by the French Veterinary
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Services, #F67-482-2). B6.56R transgenic mice were genotyped by PCR amplification of tail DNA, as previously
described®. All experiments were carried out in accordance with the European Community guidelines on the
protection of animals used for scientific purposes (Directive 2010/63/UE), and approved by the Regional Ethics
Committee of Strasbourg (CREMEAS).

Nucleosome isolation. 11210 cells (murine cell line) or HEK293 cells (human cell line) were cultured in
Dulbecco’s Modified Eagle’s Medium supplemented with 10% (v/v) fetal bovine serum and 100U/ml of penicillin
and 100 pg/ml of streptomycin. 1*10? L1210 cells were used to produce one batch of purified nucleosomes. Before
use, 100 uL of protease inhibitor cocktail (Sigma-Aldrich) was added in buffers A to D. Cells were centrifuged
(5min, 400 g), then washed 2 times in 10 mL of buffer A (0.015M TrisHCI pH 7.4, 0.015 M NacCl, 0.060 M KCl,
0.005 M MgCl,). After centrifugation (5 min, 400g) the cells were washed in 10 mL of buffer B (0.01 M Tris-HCl
pH 7.4,0.001 M KCI; 0,0015M MgCl,), and finally were resuspended in 10 mL of buffer B. Cells were grinded on
ice for 5minutes. 10 mL of buffer A was added prior to centrifugation (10 min, 1000 g) and the pellet was washed
in 10mL of buffer A. After centrifugation (10 min, 1000 g) the pellet was suspended in 10 mL of buffer C (0.015M
Tris-HCl pH 7.4, 0.015 M NacCl, KC1 0.060 M, 0.005 M MgCl,, 0.001 M CaCl,) and the absorbance was measured
(260 nm, dilution 1:100 in 0.1% (v/v) sodium dodecyl sulfate (SDS) solution). 0.1 unit of micrococcal nuclease
(Sigma-Aldrich) per absorbance unit was added in order to lyse free DNA. The samples were incubated 20 min at
37°C, then 500 uL of 200 mM ethylenediamine tetraacetic acid (EDTA) was added. After centrifugation (10 min,
1500g, +4°C), the pellet was resuspended in 10 ml of buffer D (0.001 M Tris-HCI pH 7.4, 0.001 M EDTA pH 7.4).
The solution was incubated 30 min on ice with regular shaking. After centrifugation (10 min, 1500g, +4°C), the
supernatant — which contained the nucleosomes — was collected and dialysed (20 kDa MWCO) against 500 mL of
buffer D in two successive steps at +4 °C, one for 2 hours, then overnight with fresh buffer. The DNA concentra-
tion was measured (dilution 1:100 in 0.1% (v/v) SDS solution). The samples were stored at —20°C and referred
as “native nucleosome”. All experiments were with L1210 cells derived nucleosomes, unless otherwise specified.

Nucleosome cysteine labeling. 200 pL of native nucleosome were gently mixed with 250 uL of buffer
(10 mM Tris-HCI, 0.7 mM EDTA, 3.6 M NaCl). 5-fold molar excess of AlexaFluor488 C;-maleimide (Molecular
Probes) was added and the mixture was incubated for 3hours in the dark, at room temperature. After that, succes-
sive dialyses against solutions of decreasing ionic force was carried out following a modified protocol from Oudet
P. et al®. The solution was dialysed (3.5kDa MWCO) in the dark at +4°C against 500 mL of solution containing
10mM Tris-HCIL, 0.7 mM EDTA and decreasing NaCl concentration: 2M for 2hours, 1.5M for 12hours, 1 M for
24hours, 0.75M for 12 hours, 0.5 M for 24 hours, 0.4 M for 12 hours and a last dialysis with a new MWCO (20kDa
MWCO) against 0.4 M of NaCl for 12 hours. The DNA concentration was measured (dilution 1:100 in 0.1% (v/v)
SDS solution). The samples were stored at —20 °C and referred as “cysteine nucleosome”.

Gel characterization. 200ng of DNA from each samples were digested with 500 ng of proteinase K and was
visualized after electrophoresis on 1.2% (w/v) agarose gel. For SDS-PAGE (sodium dodecyl sulfate polyacryla-
mide gel electrophoresis), 1.5 ug of DNA from each samples were denaturated by heating at 105 °C for 5 min in
SDS reducing buffer (0.06 M Tris-HCI, pH 6.8, 2% (v/v) SDS, 5% (v/v) 3-mercaptoethanol, 25% (v/v) glycerol and
0.01% (v/v) bromophenol blue). The samples were resolved using 18.0% separating gel with a 5% stacking gel.
SDS-PAGE gels were then stained with Coomassie Blue.

ELISA. 96 well plates were incubated with 100 pl of nucleosome solution (DNA final concentration: 1 ug/mL)
per well (L1210 cell-derived nucleosomes for mice, HEK293 cell-derived nucleosomes for humans), at 37 °C over-
night. Plates were washed 3 times with PBS/0.05% (v/v) Tween (Sigma-Aldrich) and saturated with PBS/0.05%
(v/v) Tween/1% (w/v) bovine serum albumine (BSA) for 1 hour at 37 °C. The plates were washed 3 times with
PBS/0.05% (v/v) Tween, then 100 uL of serum (dilutions 1/500) or 100 uL of anti-H4 antibody (clone S.99.5;
Thermo Fisher Scientific) were incubated for 1 hour at 37 °C. The plates were washed 3 times with PBS/0.05%
(v/v) Tween, and 50 uL of an anti-human Fc~ antibody coupled to peroxidase (dilution 1/20000; polyclonal;
JacksonImmuno), 50 pL of an anti-mouse Fcy antibody coupled to peroxidase (dilution 1/10000; polyclonal;
JacksonImmuno), or 50 uL of an anti-mouse Fcp antibody coupled to peroxidase (dilution 1/10000; polyclonal;
JacksonImmuno) were added, depending on the experiment. The plates were washed 3 times with PBS-/0.05%
(v/v) Tween and revealed with 50 pL of TMB (3,3’,5,5'-tetramethylbenzidine), for 10 min at room temperature.
The reaction was stopped with 50 uL of HCI (1 M), before reading at 450 nm using MultiScan FC (Thermo Fisher
Scientific).

Flow Cytometry. A suspension of murine splenocytes was obtained by grinding the spleen of mice on a
40 pm cell strainer. Red blood cells were lysed using ammonium-chloride-potassium lysis buffer (NH,Cl 0.15M,
KHCO; 10.0mM, Na,EDTA 0.1 mM, pH 7.4). Cells were washed twice in PBS.

Anticoagulated venous blood from patients and healthy donors was collected and was subjected to density
gradient centrifugation to get peripheral blood mononuclear cells. Cells were washed twice in PBS.

Cell viability was assessed by incubation with Fixable Viability Dye eFluor 780 (eBioscience) following the
manufacturer’s protocol. Cells were washed twice in PBE (PBS, 0.5% (w/v) BSA, 2mM EDTA) and resuspended
in PBE in order to have 10 * 10° cells per mL. 0.5 * 10° cells were dispensed into each tube. Some tubes, were incu-
bated with 50 uL of anti-mouse IgG Fab antibodies (dilution 1/25; polyclonal; Bethyl Laboratories) for 40 min at
37°C and washed twice with PBE. All subsequent steps are done in PBE buffer on ice, unless otherwise specified
by protocol. 50 uL of labeled nucleosomes (2 ug of DNA/mL; L1210 cells derived nucleosomes for mice, HEK293
cells derived nucleosomes for humans) were added and incubated for 20 min in the dark at 4 °C. The cells were
washed twice in PBE/0.1% (v/v) Tween and classical surface staining was performed in the dark for 15 min at
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4°C. When biotin conjugated antibody was used, the cells were washed twice and streptavidine was added and
incubated for 15min in the dark at 4°C. The cells were washed twice and analysed on a Gallios flow cytometer
(Beckman Coulter). A comprehensive list of antibodies used for this experiment includes: anti-mouse IgM*-biotin
(clone DS-1), anti-mouse IgM" PE (clone AF6-78), anti-mouse CD3 PerCp-Cy5.5 (clone 145-2C11), anti-mouse
B220 PE-CF594 or APC (clone RA3-6B2), anti-human CD19 APC (clone HIB19), and Streptavidin APC were
purchased from BD Biosciences. Data analysis was performed using Kaluza software (Beckman Coulter) with
“logicle” compensation®. Fluorescence minus one (FMO) controls®* were used to make the distinction between
cell populations that are positive for nucleosome staining and the ones that are negative.

Protein sequences. Protein sequences of nucleosome core particle were defined using UniProt database
(www.uniprot.org)®. Data used to define histone regions exposed at the surface of the nucleosome derived from
previously published papers® -8, Histone H1 (Uniprot entry: P10412-1); Histone H2A (Uniprot entry: POC0S8);
Histone H2B (Uniprot entry: P62807); Histone H3 (Uniprot entry: P68431); Histone H4 (Uniprot entry: P62805).

Statistics. Statistical comparison between groups was carried out using nonparametric two-tailed
Mann-Whitney test using Prism 5.0 (GraphPad Software Inc.). All data were presented as mean =+ standard error
of the mean (SEM). A p-value less than 0.05 was considered as significant.

References
1. Tsokos, G. C. Systemic lupus erythematosus. N. Engl. J. Med. 365, 2110-2121 (2011).
2. Muifioz, L. E., Lauber, K., Schiller, M., Manfredi, A. A. & Herrmann, M. The role of defective clearance of apoptotic cells in systemic
autoimmunity. Nat. Rev. Rheumatol. 6, 280-289 (2010).
3. Jacobi, A. M. & Diamond, B. Balancing diversity and tolerance: lessons from patients with systemic lupus erythematosus. J. Exp.
Med. 202, 341-344 (2005).
4. Arbuckle, M. R. ef al. Development of Autoantibodies before the Clinical Onset of Systemic Lupus Erythematosus. N. Engl. J. Med.
349, 1526-1533 (2003).
5. Dorner, T., Giesecke, C. & Lipsky, P. E. Mechanisms of B cell autoimmunity in SLE. Arthritis Res. Ther. 13, 243 (2011).
6. van der Vlag, J. & Berden, J. H. M. Lupus nephritis: role of antinucleosome autoantibodies. Semin. Nephrol. 31, 376-389 (2011).
7. Sanz, I. Rationale for B cell targeting in SLE. Semin. Immunopathol. 36, 365-375 (2014).
8. Stemmer, C,, Briand, J. P. & Muller, S. Mapping of linear histone regions exposed at the surface of the nucleosome in solution. J. Mol.
Biol. 273, 52-60 (1997).
9. Bizzaro, N,, Villalta, D., Giavarina, D. & Tozzoli, R. Are anti-nucleosome antibodies a better diagnostic marker than anti-dsDNA
antibodies for systemic lupus erythematosus? A systematic review and a study of metanalysis. Autoimmun. Rev. 12,97-106 (2012).
10. Winfield, J. B., Faiferman, I. & Koffler, D. Avidity of anti-DNA antibodies in serum and IgG glomerular eluates from patients with
systemic lupus erythematosus. Association of high avidity antinative DNA antibody with glomerulonephritis. J. Clin. Invest. 59,
90-96 (1977).
11. Hahn, B. H. Antibodies to DNA. N. Engl. J. Med. 338, 1359-1368 (1998).
12. van Bruggen, M. C. et al. Nucleosomes and histones are present in glomerular deposits in human lupus nephritis. Nephrol. Dial.
Transplant. Off. Publ. Eur. Dial. Transpl. Assoc. - Eur. Ren. Assoc. 12, 57-66 (1997).
13. Garabatos, N. et al. In vivo detection of peripherin-specific autoreactive B cells during type 1 diabetes pathogenesis. J. Immunol.
Baltim. Md 1950 192, 3080-3090 (2014).
14. Hamilton, J. A. et al. General Approach for Tetramer-Based Identification of Autoantigen-Reactive B Cells: Characterization of La-
and snRNP-Reactive B Cells in Autoimmune BXD2 Mice. J. Immunol. Baltim. Md 1950 194, 5022-5034 (2015).
15. Cappione, A. 3rd et al. Germinal center exclusion of autoreactive B cells is defective in human systemic lupus erythematosus. J. Clin.
Invest. 115, 3205-3216 (2005).
16. Zhang, . et al. Identification of DNA-reactive B cells in patients with systemic lupus erythematosus. J. Immunol. Methods 338, 79-84
(2008).
17. Kerkman, P. E et al. Identification and characterisation of citrullinated antigen-specific B cells in peripheral blood of patients with
rheumatoid arthritis. Ann. Rheum. Dis. 75, 1170-1176 (2016).
18. Malkiel, S. et al. Checkpoints for Autoreactive B Cells in the Peripheral Blood of Lupus Patients Assessed by Flow Cytometry.
Arthritis Rheumatol. Hoboken NJ 68, 2210-2220 (2016).
19. Richardson, C. et al. Molecular Basis of 9G4 B Cell Autoreactivity in Human Systemic Lupus Erythematosus. J. Immunol. Author
Choice 191, 4926-4939 (2013).
20. Jenks, S. A. et al. 9G4+ autoantibodies are an important source of apoptotic cell reactivity associated with high levels of disease
activity in systemic lupus erythematosus. Arthritis Rheum. 65, 3165-3175 (2013).
21. Pugh-Bernard, A. E. et al. Regulation of inherently autoreactive VH4-34 B cells in the maintenance of human B cell tolerance. J. Clin.
Invest. 108, 1061-1070 (2001).
22. Cappione, A. ], Pugh-Bernard, A. E., Anolik, J. H. & Sanz, I. Lupus IgG VH4.34 antibodies bind to a 220-kDa glycoform of CD45/
B220 on the surface of human B lymphocytes. J. Immunol. 172, 4298-4307 (2004).
23. Silberstein, L. E., George, A., Durdik, J. M. & Kipps, T. J. The V4-34 encoded anti-i autoantibodies recognize a large subset of human
and mouse B-cells. Blood Cells. Mol. Dis. 22, 126-138 (1996).
24. Cambridge, G. et al. Expression of the Inherently Autoreactive Idiotope 9G4 on Autoantibodies to Citrullinated Peptides and on
Rheumatoid Factors in Patients with Early and Established Rheumatoid Arthritis. PLoS ONE 9 (2014).
25. Luger, K., Mider, A. W, Richmond, R. K., Sargent, D. E. & Richmond, T. J. Crystal structure of the nucleosome core particle at 2.8 A
resolution. Nature 389, 251-260 (1997).
26. McGhee, J. D. & Felsenfeld, G. Nucleosome Structure. Annu. Rev. Biochem. 49, 1115-1156 (1980).
27. Rumore, P. M. & Steinman, C. R. Endogenous circulating DNA in systemic lupus erythematosus. Occurrence as multimeric
complexes bound to histone. J. Clin. Invest. 86, 69-74 (1990).
28. Amoura, Z., Koutouzov, S. & Piette, J. C. The role of nucleosomes in lupus. Curr. Opin. Rheumatol. 12, 369-373 (2000).
29. Amoura, Z., Piette, J. C., Bach, J. E & Koutouzov, S. The key role of nucleosomes in lupus. Arthritis Rheum. 42, 833-843 (1999).
30. Muller, S., Dieker, J., Tincani, A. & Meroni, P. L. Pathogenic anti-nucleosome antibodies. Lupus 17, 431-436 (2008).
31. Wong, N. T. & Candido, E. P. Histone H3 thiol reactivity as a probe of nucleosome structure. J. Biol. Chem. 253, 8263-8268 (1978).
32. Daban, J. R. & Cantor, C. R. Structural and kinetic study of the self-assembly of nucleosome core particles. J. Mol. Biol. 156, 749-769
(1982).
33. Oudet, P, Gross-Bellard, M. & Chambon, P. Electron microscopic and biochemical evidence that chromatin structure is a repeating
unit. Cell 4, 281-300 (1975).

SCIENTIFICREPORTS|7:602 | DOI:10.1038/s41598-017-00664-0 9


http://www.uniprot.org

www.nature.com/scientificreports/

34. Hizume, K. et al. Chromatin reconstitution: development of a salt-dialysis method monitored by nano-technology. Arch. Histol.
Cytol. 65, 405-413 (2002).

35. Vignali, M. & Workman, J. L. Location and function of linker histones. Nat. Struct. Mol. Biol. 5,1025-1028 (1998).

36. Schnitzler, G. R. Isolation of histones and nucleosome cores from mammalian cells. Curr. Protoc. Mol. Biol. Chapter 21, Unit 21.5
(2001).

37. Bowler, C. et al. Chromatin techniques for plant cells. Plant J. Cell Mol. Biol. 39, 776-789 (2004).

38. Kotani, H. & Kmiec, E. B. Transcription activates RecA-promoted homologous pairing of nucleosomal DNA. Mol. Cell. Biol. 14,
1949-1955 (1994).

39. Kishi, Y. et al. Apoptotic marginal zone deletion of anti-Sm/ribonucleoprotein B cells. Proc. Natl. Acad. Sci. USA 109, 7811-7816
(2012).

40. Liu, Y. et al. Lupus susceptibility genes may breach tolerance to DNA by impairing receptor editing of nuclear antigen-reactive B
cells. J. Immunol. Baltim. Md 1950 179, 1340-1352 (2007).

41. Radic, M. Z. et al. Residues that mediate DNA binding of autoimmune antibodies. J. Immunol. Baltim. Md 1950 150, 4966-4977 (1993).

42. Li, H,, Jiang, Y., Prak, E. L., Radic, M. & Weigert, M. Editors and editing of anti-DNA receptors. Immunity 15, 947-957 (2001).

43. Gay, D,, Saunders, T., Camper, S. & Weigert, M. Receptor editing: an approach by autoreactive B cells to escape tolerance. J. Exp.
Med. 177,999-1008 (1993).

44. Chen, C. et al. Deletion and editing of B cells that express antibodies to DNA. J. Immunol. Baltim. Md 1950 152, 1970-1982 (1994).

45. Erikson, J. et al. Expression of anti-DNA immunoglobulin transgenes in non-autoimmune mice. Nature 349, 331-334 (1991).

46. Sekiguchi, D. R. et al. Development and selection of edited B cells in B6.56R mice. J. Immunol. Baltim. Md 1950 176, 6879-6887
(2006).

47. Lieby, P. et al. The clonal analysis of anticardiolipin antibodies in a single patient with primary antiphospholipid syndrome reveals
an extreme antibody heterogeneity. Blood 97, 3820-3828 (2001).

48. Malhotra, S., Kovats, S., Zhang, W. & Coggeshall, K. M. B Cell Antigen Receptor Endocytosis and Antigen Presentation to T Cells
Require Vav and Dynamin. J. Biol. Chem. 284, 24088-24097 (2009).

49. Song, W,, Cho, H., Cheng, P. & Pierce, S. K. Entry of B cell antigen receptor and antigen into class II peptide-loading compartment
is independent of receptor cross-linking. J. Immunol. Baltim. Md 1950 155, 4255-4263 (1995).

50. Helyer, B. J. & Howie, J. B. Renal Disease associated with Positive Lupus Erythematosus Tests in a Crossbred Strain of Mice. Nature
197,197-197 (1963).

51. Buck, S. B. et al. Detection of S-phase cell cycle progression using 5-ethynyl-2/-deoxyuridine incorporation with click chemistry, an
alternative to using 5-bromo-2’-deoxyuridine antibodies. Bio Techniques 44, 927-929 (2008).

52. Kolb, H. C,, Finn, M. G. & Sharpless, K. B. Click Chemistry: Diverse Chemical Function from a Few Good Reactions. Angew. Chem.
Int. Ed Engl. 40, 2004-2021 (2001).

53. Cervantes-Cervantes, M. P, Calderén-Salinas, J. V., Albores, A. & Mufioz-Sanchez, J. L. Copper increases the damage to DNA and
proteins caused by reactive oxygen species. Biol. Trace Elem. Res. 103, 229-248 (2005).

54. Requena, J. R., Chao, C.-C,, Levine, R. L. & Stadtman, E. R. Glutamic and aminoadipic semialdehydes are the main carbonyl
products of metal-catalyzed oxidation of proteins. Proc. Natl. Acad. Sci. USA 98, 69-74 (2001).

55. Yunk, L., Meng, W., Cohen, P. L., Eisenberg, R. A. & Luning Prak, E. T. Antibodies in a heavy chain knock-in mouse exhibit
characteristics of early heavy chain rearrangement. J. Immunol. Baltim. Md 1950 183, 452-461 (2009).

56. Chen, C. et al. The site and stage of anti-DNA B-cell deletion. Nature 373, 252-255 (1995).

57. Li, Y., Li, H. & Weigert, M. Autoreactive B cells in the marginal zone that express dual receptors. J. Exp. Med. 195, 181-188 (2002).

58. Dieker, . et al. Autoantibodies against Modified Histone Peptides in SLE Patients Are Associated with Disease Activity and Lupus
Nephritis. PLOS ONE 11, €0165373 (2016).

59. Dieker, J. W. et al. Apoptosis-induced acetylation of histones is pathogenic in systemic lupus erythematosus. Arthritis Rheum. 56,
1921-1933 (2007).

60. van Bavel, C. C. et al. Apoptosis-induced histone H3 methylation is targeted by autoantibodies in systemic lupus erythematosus.
Ann. Rheum. Dis. 70, 201-207 (2011).

61. van Bavel, C. C. et al. Apoptosis-associated acetylation on histone H2B is an epitope for lupus autoantibodies. Mol. Immunol. 47,
511-516 (2009).

62. Liu, C. L. et al. Specific post-translational histone modifications of neutrophil extracellular traps as immunogens and potential
targets of lupus autoantibodies. Arthritis Res. Ther. 14, R25 (2012).

63. Tan, E. M. et al. The 1982 revised criteria for the classification of systemic lupus erythematosus. Arthritis Rheum. 25,1271-1277 (1982).

64. Tung, J. W. et al. Modern flow cytometry: a practical approach. Clin. Lab. Med. 27, 453-468, v (2007).

65. Consortium, T. U. UniProt: a hub for protein information. Nucleic Acids Res. 43, D204-D212 (2015).

66. Muller, S., Himmelspach, K. & Van Regenmortel, M. H. Immunochemical localization of the C-terminal hexapeptide of histone H3
at the surface of chromatin subunits. EMBO J. 1, 421-425 (1982).

67. Lu, L., Kaliyaperumal, A., Boumpas, D. T. & Datta, S. K. Major peptide autoepitopes for nucleosome-specific T cells of human lupus.
J. Clin. Invest. 104, 345-355 (1999).

68. Stemmer, C., Briand, J. P. & Muller, S. Mapping of linear epitopes of human histone H1 recognized by rabbit anti-H1/H5 antisera and
antibodies from autoimmune patients. Mol. Immunol. 31, 1037-1046 (1994).

Acknowledgements

This research was supported by the ANR program “Investissements d’Avenir” (ANR-11-EQPX-022) and by
grants from the Hopitaux Universitaires de Strasbourg (API 2012 HUS No. 5543). We thank Guilhem Chaubet
(Laboratory of Functional ChemoSystems, CNRS-University of Strasbourg UMR 7199/Laboratory of Excellence
MEDALIS, Faculté de Pharmacie, Université de Strasbourg) for his English review of the manuscript.

Author Contributions

V.G., AW, ].L.P, TM.,, H.D., A.S.K. and PS.S. designed the research. V.G., C.S., A.G., ].D.F. and A.M.K. performed
the research. V.G., AW, C.S., A.G,].D.E, AMK,J.L.P, TM., HD., AS.K. and PS.S. analysed the data. V.G.,
AW, ]J.L.P, H.D, A.S.K. and PS.S. wrote the paper.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-00664-0
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFICREPORTS|7:602 | DOI:10.1038/s41598-017-00664-0 10


http://dx.doi.org/10.1038/s41598-017-00664-0

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:602 | DOI:10.1038/s41598-017-00664-0 11



	Identification of autoreactive B cells with labeled nucleosomes

	Results and Discussion

	Nucleosome labeling and characterization. 
	Effective nucleosome-autoAbs interaction after nucleosome labeling. 
	Detection of anti-nucleosome B cells by flow cytometry using labeled nucleosomes. 

	Conclusion

	Materials and Methods

	Patients and samples. 
	Mice. 
	Nucleosome isolation. 
	Nucleosome cysteine labeling. 
	Gel characterization. 
	ELISA. 
	Flow Cytometry. 
	Protein sequences. 
	Statistics. 

	Acknowledgements

	Figure 1 Protein sequences of histones.
	Figure 2 Characterization of native and labeled nucleosomes (cropped gel).
	Figure 3 Recognition of labeled nucleosomes by antibodies from B6.
	Figure 4 Cysteine nucleosome selectively stained the B cells carrying the transgenic heavy chain, from B6.
	Figure 5 Cysteine nucleosome staining on IgMa+ B cells from B6.
	Figure 6 Recognition of labeled nucleosomes by antibodies from BW mice, BALB/c mice, SLE patients and healthy donors.
	Figure 7 (a) Plots of nucleosome staining in splenic B220+ B cells in BW mice compared to BALB/c mice.




