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ABSTRACT

Accumulating evidence suggests that DNA-anti-DNA antibody
immune complexes are endocytosed by immune cells, where they
ligate intracellular nucleic acid sensors. This results in production of
type | interferon or other cytokines, which may be a significant
pathogenetic mechanism in systemic lupus erythematosus (SLE). Most
studies thus far have been performed using cell-lines or peripheral
blood mononuclear cells, but it remains unclear whether cells from
the brain can take up such immune complexes. Because
permeability of the blood-brain interfaces is suggested to be
increased and autoantibodies are detected in cerebrospinal fluid
of SLE patients with neuropsychiatric manifestations, we
hypothesize that DNA-anti-DNA immune complexes may be
internalized by cells in the central nervous system and cause
dysregulation of neural networks. As a first step to test this
hypothesis, here we investigated whether anti-DNA antibodies can
be internalized by live brain cells in vitro.

Primary culture rat astrocytes were incubated for 1 h at
37°C with or without anti-DNA monoclonal antibodies. After
washing, fixation, permeabilization and blocking, internalized anti-
DNA antibodies were detected by a fluorescent labeled second
antibody. We observed that a dsDNA-specific monoclonal
antibody entered the nucleus, while a monoclonal antibody cross-
reactive with phospholipid and DNA entered the cytoplasm.
Isotype-matched control IgG did not enter the cells, suggesting that
they were viable and the cell membrane and nuclear membrane
were intact at that time. When the cells were incubated at 4°C,
internalization of the anti-DNA antibodies was almost completely
abolished. This suggests that antibody internalization was not by
passive transfer but is an energy-dependent process. Given that
astrocytes play indispensable roles in maintaining the function of
neural networks, these results may provide a novel perspective on
the pathogenetic mechanisms of the neuropsychiatric manifestations
often presented in SLE.
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Introduction

Systemic lupus erythematosus (SLE) is an
autoimmune disease which preferentially affects
women at 20-40 years of age. It presents with
varied symptoms including fever, skin rash,
arthritis, serositis, glomerulonephritis and
neuropsychiatric manifestations (NPSLE). Multiple
genetic and environmental factors are thought to
contribute to a loss of immunological tolerance
resulting in prolonged production of different
autoantibodies, the pathogenetic roles of which,
however, remain insufficiently understood.'.2

More than four decades ago it was
reported that anti-DNA and anti-RNP
auvtoantibodies could enter live cells.®3 The term
“penetrate” was used at that time, which may
have contributed to the skepticism of many
researchers regarding this phenomenon.
Thereafter, however, many anti-DNA antibodies
have been reported to enter live cells; some of
them into the nucleus, others remaining in the
cytoplasm, depending on which antibodies, cell-
types, and assay conditions.47 Suggested
mechanisms for this internalization were also
heterogeneous, some being Fc-receptor mediated,
others not. In any case, progress in the
understanding of innate immunity has resulted in
the hypothesis that DNA or RNA bound to the
antibodies can be recognized by nucleic acid
sensors in the endosome or cytoplasm, and
stimulate intracellular signaling pathways relevant
to the pathogenesis of SLE.8°

Previously, we reported that the
monoclonal anti-phospholipid antibody WB-6,
which is cross-reactive with DNA, enters the
cytoplasm of monocytes. There, it induces
expression of tissue factor via activation of the
TLR? pathway, leading to a pro-thrombotic state
in an in vivo model.’0-12 |n another study, we
observed  that  dsDNA-specific  monoclonal
antibody 2C10 enters the nucleus of monocytes.
There, it induces peripheral blood mononuclear
cells to secrete multiple cytokines including IFN-a,
IFN-y, TNF-0, which are known to be implicated in
lupus pathogenesis.’3 These results suggest that
anti-DNA antibodies create a vicious circle in the
pathogenesis of SLE.

Among the symptoms of SLE, NPSLE is
one of the most challenging for rheumatology
researchers because of its complexity and the
limited access to tissue. In order to explore the
possible involvement of anti-DNA antibodies also
in the pathogenesis of NPSLE, the current study
aimed to determine whether these antibodies enter
live cells of the central nervous system (CNS). It is
noteworthy that Stamou et al.™# have shown
internalization of IgG-anti-IlgG immune complexes
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by newborn rat hippocampal cells via Fey
receptors, but little is known so far about

internalization of anti-DNA antibodies into cells of
the CNS.

Methods

Animal experiments were approved by
the Institutional Animal Care and Use Committee of
Tokyo Medical and Dental University (A2021-
100C).

The dsDNA-specific monoclonal antibody
2C10 (lgG2b,k) originated from an MRL/Ipr
mouse; the fine specificity and amino acid
sequence of the variable regions has been
reported previously.'3'¢  Monoclonal antibody
WB-6 (IlgG2b,x) was derived from an (NZW X
BXSB) F1 mouse, and cross-reacts with ssDNA,
dsDNA and cardiolipin-B2 glycoprotein 1.1 Both
antibodies were purified from hybridoma culture
supernatant by salting out with half-saturated
ammonium  sulfate  followed by  column
chromatography on Protein G HP Spin Trap
(Cytiva). We did not intentionally add DNA into
the assay. However, anti-DNA antibodies
inevitably bind a certain amount of DNA both in
vivo and in vitro.'7 Therefore, the antibodies we
used in this study can be regarded as immune
complexes with DNA. The hybridomas producing
2C10 and WB-6 are available from the Cell

Bank, RIKEN BioResource Research Center
(Tsukuba, Japan).
An enriched astrocyte culture was

obtained from the cortex of embryonic day 20
Wistar rat embryos essentially by following the
protocol of Schildge et al.'® The cells were
incubated with 2 or 5 pg/mL 2C10, WB-6 or
isotype control mouse IgG (R&D Systems) for 1 h in
a CO:2 incubator. After washing with cold PBS,
fixation with 4% paraformaldehyde,
permeabilization with 0.1% Triton X-100, and
blocking with 1% BSA-PBS, antibodies were
detected by Alexa Fluor 555-labeled goat anti-
mouse IgG (Invitrogen). Purity of the astrocytes
was confirmed by staining with Alexa Fluor 488-
labeled anti-glial fibrillary acidic protein (GFAP)
antibody (BioLegend). After the nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI),
cells were inspected wusing a fluorescence
microscope (Keyence, BZ-X800).

Results

Incorporation of 2C10 and WB-6 is not
a cell-type specific phenomenon but the efficiency
varies depending on the cell type. Monocytes and
vascular  endothelial cells incorporate these
antibodies  prominently,'®  while lymphocytes
barely do so.!3 Here, we tested cells in the CNS
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for the first time and found that astrocytes were
high incorporators. When rat primary astrocytes
were incubated for 1 h at 37°C with 5 pg/mL
2C10, but not with the isotype control, Alexa Fluor
555-anti-mouse IgG stained the nuclei of most of
the cells red (Figure 1). Because 2C10 binds to the
dA-dT base pairs in the minor groove of dsDNA,'5
it colocalized with DAPI and appeared purple in
the merged image. Despite a few speckles outside
the nucleus in some cells, when incubated at 4°C,

(A) isotype control

50 pm
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2C10 did not enter the nucleus, nor did it
accumulate in the cytoplasm (Figure 2). This
suggests that the internalization of 2C10 is not by
passive transfer but is an energy-dependent
dynamic process. In contrast, WB-6 was retained
in endosome-like speckles in the cytosol and did
not enter the nucleus at 37°C (Figure 3). These
different intracellular localizations of 2C10 and
WB-6 are similar to the observations previously
made using monocytic cells.!0

(B) 210

‘- . 50 um

Figure 1. Internalization of anti-dsDNA antibody 2C10 by astrocytes. Rat primary astrocytes were incubated for 1 h
at 37°C with 5 dg/mL 2C10 (B) or isotype control IgG (A). After washing, fixation and permeabilization, cells were
stained with Alexa Fluor 488-labeled anti-GFAP (green) and Alexa Fluor 555-labeled anti-mouse IgG (red). The
nuclei were stained with DAPI (blue).

4°C

37°C

isotype control

2C10

Figure 2. Internalization of anti-dsDNA antibody 2C10 is temperature-dependent. Rat primary astrocytes were
incubated for 1 h at 4°C with 2 ug/mL 2C10 (C) or isotype control IgG (A); or at 37°C with 2C10 (D) or isotype
control IgG (B). Thereafter, cells were stained as described in Figure 1. Only merged images are shown.
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WB-6
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Figure 3. Internalization of anti-phospholipid antibody WB-6 by astrocytes. Rat primary astrocytes were incubated
for 1 h at 37°C with 2 yg/mL WB-6. Thereafter, internalized IgG was detected as described in Figure 1.

Discussion
In this study, we observed that
monoclonal anti-DNA antibodies entered the

cytoplasm or the nucleus of rat live astrocytes. To
the best of our knowledge, this is the first report to
show the internalization of anti-DNA antibodies by
cells from the brain, and suggests the possible
involvement  of this phenomenon in the
pathogenesis of NPSLE.

Clinical phenotypes of NPSLE are diverse
and are classified into neurological syndromes
(including headache, seizure disorders,
cerebrovascular disease) and diffuse psychiatric or
neuropsychological syndromes (including cognitive
impairment, mood disorder, anxiety disorder,
psychosis).'?-21 A significant proportion of the
neurological syndromes may be ascribed to the
pathogenetic  effects  of  anti-phospholipid
antibodies. On the other hand, although some
autoantibodies such as anti-DNA antibodies cross-
reactive with the NR2 glutamate receptor,22 and
anti-ribosomal P protein  antibodies??  are
hypothesized to be involved, the pathogenetic role
of autoantibodies in diffuse psychiatric or
neuropsychological syndromes has remained
unclear?4, In addition to the blood-brain barrier,
however, several other interfaces may serve as
sites of antibody transfer into the CNS, such as the
meningeal barrier, the glymphatic pathway and

the blood-cerebrospinal fluid (CSF) barrier, the
permeability of which is proposed to be altered
under pathological conditions.’? Indeed,
autoantibodies are detected in the CSF of patients
with NPSLE.25 Therefore, there is a basis for the
hypothesis that anti-DNA antibodies play «a
significant role in the pathogenesis of NPSLE by
means of entering cells in the CNS.

Because anti-DNA antibodies generally
do not recognize specific DNA sequences that are
as long as those recognized by restriction enzymes
or transcription factors, binding of the antibodies
to DNA in the nucleus probably causes non-specific
effects on the cells. These may be harmful, but it is
also possible that cells are activated before their
death, because anti-DNA antibodies usually
accompany DNA and stimulate endosomal or
cytoplasmic nucleic acid sensors such as Toll-like
receptors.’91226 Consistent with this, Jang Y-J and
colleagues have used anti-DNA antibodies
including 2C10 and observed induction of
proinflammatory cytokine expression in some
experiments or apoptosis in others.?”

The mechanism responsible for the
internalization of 2C10/WB-6 by astrocytes has
not been determined. In a previous study,
internalization of 2C10 by monocytes was
partially but significantly suppressed by the
macropinocytosis inhibitor cytochalasin D, while an
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Fc receptor blocker was not effective.’3 In
addition, the recombinant single chain fragment
(scFv) of 2C10 which lacks the Fc region was
reported to enter live mesangial cells.?” Although
astrocytes are known to express Fc receptors'4
and their involvement is undeniable, they might be
dispensable for the uptake of 2C10. Currently, we
have preliminary results which show that F(ab’)2
fragments of 2C10 do enter astrocytes, but more
experiments are needed to validate this. It is to be
noted that  mechanisms responsible  for
internalization into the nucleus remain unknown for
any anti-DNA antibodies described in the
literature.

In the current study, thus far we have
examined only astrocytes. Given that these cells
account for 20% of human brain cells and
regulate various brain activities physiologically
and pathologically,?8-30 it would be intriguing to
study the fate of the astrocytes harboring 2C10 or
WB-6. In addition, internalization of anti-DNA
antibodies by microglia may also occur because
they show similar, albeit not identical,
characteristics to monocytes which were previously
shown to internalize 2C10 and WB-6.10 Activated
microglia may contribute to neurodegeneration
directly or indirectly via activation of astrocytes.3!-
33 Furthermore, anti-DNA  antibodies may
contribute to increased permeability of the above-
mentioned blood-brain interfaces by entering

Internalization of Anti-DNA Antibodies by Rat Brain Cells

vascular endothelial cells. Thus, once anti-DNA
antibodies enter the CNS, we propose that they
will be internalized by different cell-types and
affect their function, resulting in dysregulation of
the neural network.

Conclusion

Herein, we showed that two different
anti-DNA  antibodies enter the cytoplasm or
nucleus of rat astrocytes. Additionally, microglia
and vascular endothelial cells in the CNS might be
good candidates for high incorporators. Therefore,
investigation of anti-DNA antibody internalization
by brain cells may open an exciting research field
that could lead to a better understanding of the
pathogenesis of NPSLE.

Conflicts of Interest Statement:
The authors have no conflicts of interest to declare.

Funding Statement:
This study was supported by JSPS KAKENHI Grant
Number JP20K07821.

Avuthor Contributions:

K.I. and O.H. performed experiments. T.K. wrote
the manuscript. All authors approved the final
version of the manuscript.

Medical Research Archives | https://esmed.org/MRA /index.php /mra/article /view /4074 5



https://esmed.org/MRA/index.php/mra/article/view/4074
https://esmed.org/MRA/mra

Medical
Research
Archives

References

1.

Tsokos GC, Lo MS, Reis PC, Sullivan KE. New
insights into the immunopathogenesis of
systemic  lupus erythematosus. Nat Rev
Rheumatol 2016;12:716-730. doi:
10.1038/nrrheum.2016.186

Nikolopoulos D, Fanouriakis A, Boumpas DT.
Update on the pathogenesis of central nervous
system  lupus. Curr Opin  Rheumatol
2019;31(6):669-677.

doi: 10.1097 /BOR.0000000000000655
Alarcon-Segovia D, Ruiz-Arguelles A, Fishbein
E. Antibody to nuclear ribonucleoprotein
penetrates live human mononuclear cells
through Fc receptors. Nature 1978;271:67-69.
doi: 10.1038/271067a0

Vlahakos D, Foster MH, Ucci AA, Barrett KJ,
Datta SK, Madaio MP. Murine monoclonal anti-
DNA antibodies penetrate cells, bind to nuclei,
and induce glomerular proliferation and
proteinuria in vivo. J Am Soc Nephrol
1992;2(8):1345-1354. doi:
10.1681/ASN.V281345

Jang JY, Jeong JG, Jun HR, et al. A nucleic
acid-hydrolyzing antibody penetrates into
cells via caveolae-mediated endocytosis,
localizes in the cytosol and exhibits
cytotoxicity. Cell Mol Life Sci 2009;66(11-
12):1985-1997. doi: 10.1007/s00018-009-
9179-2

Zannikou M, Bellou S, Eliades P, et al. DNA-
histone complexes as ligands amplify cell
penetration and nuclear targeting of anti-DNA
antibodies via energy-independent
mechanisms. Immunology 2016;147(1):73-81.
doi: 10.1111 /imm.12542

Park H, Kim M, Seo Y, Ham Y, Cho M-Y, Kwon
M-H. Cytosolic internalization of anti-DNA
antibodies by human monocytes induces
production of pro-inflammatory cytokines
independently of the tripartite motif-containing
21 (TRIM21)-mediated  pathway.  Front
Immunol  2018;9: doi:
10.3389/fimmu.2018.02019

Leadbetter EA, Rifkin IR, Hohlbaum AM,
Beaudette BC, Shlomchik MJ, Marshak-
Rothstein A. Chromatin-IgG complexes activate
B cells by dual engagement of IgM and Toll-
like receptors. Natfure 2002;416:603-607.
doi: 10.1038/416603a

Theofilopoulos AN, Kono DH, Beutler B,
Baccala R. Intracellular nucleic acid sensors
and autoimmunity. J Interferon Cytokine Res
2011;31(12):867-886.

doi: 10.1089/jir.2011.0092

10. Virachith S, Saito M, Watanabe Y, Inouve K,

Internalization of Anti-DNA Antibodies by Rat Brain Cells

11.

12.

13.

14.

15.

16.

17.

18.

19.

Hoshi O, Kubota T. Anti-B2-glycoprotein |
antibody with DNA binding activity enters
living monocytes via cell surface DNA and
induces tissue factor expression. Clin Exp
Immunol 2019;195(2):167-178.

doi:10.1111 /cei.13229

Nishimura M, Nii T, Trimova G, et al. The NF-
KB specific inhibitor DHMEQ prevents thrombus
formation in a mouse model of
antiphospholipid syndrome. J Nephropathol
2013;2(2):114-121.

doi:10.5812 /nephropathol.10112

Saito M, Makino Y, Inoue K, Watanabe Y,
Hoshi O, Kubota T. Anti-DNA antibodies cross-
reactive  with  P2-glycoprotein |  induce
monocyte tissue factor through the TLR9
pathway. Immunol Med 2021;44(2):124-135.
doi:10.1080/25785826.2020.1796285

Inoue K, Ishizawa M, Kubota T. Monoclonal
anti-dsDNA antibody 2C10 escorts DNA to
intracellular DNA  sensors in  normal
mononuclear cells and stimulates secretion of
multiple  cytokines implicated in  lupus
pathogenesis. Clin Exp Immunol
2020;199(2):150-162.

doi:10.1111 /cei.13382

Stamou M, Grodzki AC, van Oostrum M,
Wollscheid B, Lein PJ. Fc gamma receptors are
expressed in the developing rat brain and
activate downstream signaling molecules upon
cross-linking ~ with  immune  complex. J
Neuroinflammation 2018;15:7.
doi:10.1186/512974-017-1050-z

Kubota T, Watanabe N, Kanai Y, Stollar BD.
Enhancement of oxidative cleavage of DNA
by the binding sites of two anti-double-
stranded DNA antibodies. J Biol Chem
1996;271(11):6555-6561. doi:
10.1074/jbc.271.11.6555

Jang Y-J, Lecerf J-M, Stollar BD. Heavy chain
dominance in the binding of DNA by a lupus
mouse monoclonal autoantibody. Mol Immunol
1996;33(2):197-210. doi: 10.1016/0161-
5890(95)00094-1

Satake F, Watanabe N, Miyasaka N, Kanai Y,
Kubota T. Induction of anti-DNA antibodies by
immunization  with  anti-DNA  antibodies:
mechanism  and  characterization.  Lupus
2000;9(7):489-497.

doi: 10.1177/096120330000900703
Schildge S, Bohrer C, Beck K, Schachtrup C.
Isolation and culture of mouse cortical
astrocytes. J Vis Exp 2013;71: e50079. doi:
10.3791 /50079

Schwartz N, Stock AD, Putterman C.

Medical Research Archives | https://esmed.org/MRA /index.php /mra/article /view /4074 6



https://esmed.org/MRA/index.php/mra/article/view/4074
https://esmed.org/MRA/mra

Medical
Research
Archives

Neuropsychiatric lupus: new mechanistic insights
and future ftreatment directions. Nat Rev
Rheumatol 2019;15:137-152. doi:
10.1038/541584-018-0156-8

20. Shaban A, Leira EC. Neurological
complications in patients with systemic lupus
erythematosus. Curr Neurol Neurosci Rep
2019;19:97. doi: 10.1007/s11910-019-
1012-1

21. Govoni M, Bombardieri S, Bortoluzzi A, et al.
Factors and comorbidities associated with first
neuropsychiatric event in systemic lupus
erythematosus: does a risk profile exist? A
large multicentre retrospective cross-sectional
study on 959 ltalian patients. Rheumatology
(Oxford) 2012;51(1):157-168. doi:
10.1093/rheumatology /ker310

22.DeGiorgio LA, Konstantinov KN, Lee SC,
Hardin JA, Volpe BT, Diamond B. A subset of
lupus anti-DNA antibodies cross-reacts with the
NR2 glutamate receptor in systemic lupus
erythematosus. Nat Med 2001;7:1189-1193.
doi: 10.1038/nm1101-1189

23.Isshi K, Hirohata S. Association of anti-
ribosomal P  protein  antibodies  with
neuropsychiatric systemic lupus erythematosus.
Arthritis Rheum 1996;39(9):1483-1490. doi:
10.1002/art.1780390907

24. Manca E. Autoantibodies in neuropsychiatric
systemic lupus erythematosus (NPSLE): can the
be used as biomarkers for the differential
diagnosis of this disease? Clin Rev Allerg
Immunol 2022;63(2):194-209. doi:
10.1007/512016-021-08865-2

25. Hirohata S, Arinuma Y, Yanagida T, Yoshio T.
Blood-brain barrier damages and intrathecal
synthesis of anti-N-methyl-D-aspartate
receptor NR2 antibodies in diffuse psychiatric/
neuropsychological syndromes in systemic lupus
erythematosus. Arthritis Res Ther 2014;16:R77.

Internalization of Anti-DNA Antibodies by Rat Brain Cells

26.

27.

28.

29.

30.

31.

32.

33.

doi: 10.1186/ar4518

Fillatreau S, Manfroi B, Dérner T. Toll-like
receptor signalling in B cells during systemic
lupus erythematosus. Nat Rev Rheumatol
2021;17:98-108. doi: 10.1038/541584-020-
00544-4

Im S-R, Im S-W, Chung H-Y, Pravinsagar P,
Jang Y-J. Cell- and nuclear-penetrating anti-
dsDNA autoantibodies have multiple arginines
in CDR3 of VH and increase cellular level of
PERK and Bcl-2 in mesangial cells. Mol
Immunol 2015;67(2):377-387. doi:
10.1016/j.molimm.2015.06.025

Preininger MK, Kaufer D. Blood-brain barrier
dysfunction and astrocyte senescence as
reciprocal drivers of neuropathology in aging.
Int J Mol Sc 2022;23:6217. doi:
10.3390/ijms23116217

Allen NJ, Lyons DA. Glia as architects of
central nervous system formation and function.
Science 2018;362(6411):181-185. doi:
10.1126/science.aat0473

Koob AO. Astrocytes imagined. J Integr
Neurosci 2022;21(4):112. doi:
10.31083/).jin2104112

Butler CA, Popescu AS, Kitchener EJA,
Allendorf DH, Puigdellivol M, Brown GC.
Microglial phagocytosis  of  neurons in
neurodegeneration, and its regulation. J
Neurochem 2021;158(3):621-639. doi:
10.1111/jnc.15327

Bialas AR, Presumey J, Das A, et al. Microglia-
dependent synapse loss in type | interferon-
mediated lupus. Nature 2017;546:539-543.
doi: 10.1038 /nature22821

Liddelow SA, Guttenplan KA, Clarke LE, et al.
Neurotfoxic reactive astrocytes are induced by
activated microglia. Nature 2017;541:481-
487. doi.10.1038 /nature21029

Medical Research Archives | https://esmed.org/MRA /index.php /mra/article /view /4074 7



https://esmed.org/MRA/index.php/mra/article/view/4074
https://esmed.org/MRA/mra

