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Targeting B cells in the pre-phase
of systemic autoimmunity globally
interferes with autoimmune pathology

Anja Werner,"! Simon Schéafer,! Olga Zaytseva,” Heike Albert,” Anja Lux,! Jasminka Kristi¢,” Marija Pezer,?
Gordan Lauc,” Thomas Winkler,"* and Falk Nimmerjahn'-34*

SUMMARY

Systemic lupus erythematosus (SLE) is characterized by a loss of self-tolerance,
systemic inflammation, and multi-organ damage. While a variety of therapeutic
interventions are available, it has become clear that an early diagnosis and treat-
ment may be key to achieve long lasting therapeutic responses and to limit irre-
versible organ damage. Loss of humoral tolerance including the appearance of
self-reactive antibodies can be detected years before the actual onset of the clin-
ical autoimmune disease, representing a potential early point of intervention.
Not much is known, however, about how and to what extent this pre-phase of dis-
ease impacts the onset and development of subsequent autoimmunity. By target-
ing the B cell compartment in the pre-disease phase of a spontaneous mouse
model of SLE we now show, that resetting the humoral immune system during
the clinically unapparent phase of the disease globally alters immune homeostasis
delaying the downstream development of systemic autoimmunity.

INTRODUCTION

Chronic autoimmune diseases, such as systemic lupus erythematosus (SLE), multiple sclerosis (MS), and
rheumatoid arthritis (RA) represent a major burden for affected individuals (Ludwig et al., 2017). While treat-
ment options are increasing and remarkable improvements have been achieved in subgroups of patients
with targeted therapies, including the blockade of pro-inflammatory cytokines, and depletion of autoreac-
tive immune cell subsets, curative therapies are missing, and many patients show only partial responses or
become refractory to therapy (Radbruch and Thiel, 2004; Thalayasingam and Isaacs, 2011). Among the
different types of autoimmune diseases, SLE is characterized by its heterogeneity and breadth of organ
involvement ranging from skin, kidney, blood vessels, and joints to the central nervous system, requiring
an immediate and harsh therapeutic intervention to limit organ damage. As is the case for other autoim-
mune diseases, loss of humoral tolerance is a hallmark of SLE. Thus, immunoglobulin G (IgG) autoanti-
bodies directed against a variety of nuclear antigens, such as DNA, RNA, and histones are diagnostic
markers for SLE. While it is unclear to what extent the anti-nuclear antibody response is directly involved 'Chair of Genetics,
T . e . . . Department of Biology,
in disease pathology, IgG immune complex deposition in organs such as the kidney, the skin or the joints, Friodrich-Alexander
has been shown to recruit and activate innate immune effector cells triggering organ inflammation and University Erlangen-
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Accordingly, targeting B cells has been an early strategy to limit disease progression and pathogenesis not 2Genos Ltd, Glycoscience

only in SLE but in virtually all chronic autoimmune diseases in which an involvement of autoreactive B cells Research Laboratory,
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and autoantibodies has been observed (Shlomchik et al., 1994; Lipsky, 2001). For instance, depleting B cells -
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showed great clinical benefit in the treatment of thrombocytopenia (Stasi et al., 2001; Shanafelt et al., 2003; Modical | |
Godeau et al., 2008; Deshayes et al., 2019), MS (Bar-Or et al., 2008; Hauser et al., 2008, 2017), and RA (Ed- Campus Erlangen, Fredrich-
wards et al., 2004; Cohen et al., 2006; Emery et al., 2006; Harrold et al., 2017; Gottenberg et al., 2019). How- Alexander University

ever, for SLE conflicting results have been observed. While preliminary studies suggested a benefit of B E::::g:ggt;::s (FAU),
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L . . . . *Correspondence:
tween placebo and rituximab treated patient groups (Merrill et al., 2010). Nonetheless, targeting B cells in fa\knim,:neqahh@fau.de
earlier phases of disease development such as during the pre-clinical phase of disease, may allow achieving https://doi.org/10.1016/].isci.
better clinical outcomes. For RA, for example, the PRAIRI study could demonstrate that targeting this early 2021.103076
) o
oo iScience 24, 103076, September 24, 2021 © 2021 The Authors. 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:falk.nimmerjahn@fau.de
https://doi.org/10.1016/j.isci.2021.103076
https://doi.org/10.1016/j.isci.2021.103076
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2021.103076&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

disease phase by a single infusion of 1000 mg of rituximab significantly delayed the development of arthritis
in subjects atrisk of developing RA (Gerlag et al., 2019). While the most straightforward explanation for the
therapeutic activity of targeting B cells would be the depletion of autoantibody producing B cells, several
studies suggest a more complex scenario (Sabahi and Anolik, 2006; Schrezenmeier et al., 2018). For
example, long-lived autoantibody producing plasma cells do not express CD20 and hence may not be tar-
geted via cytotoxic CD20-specific antibodies, suggesting that B cells may support autoimmune pathology
via other pathways, such as secretion of pro- or anti-inflammatory cytokines (Hoyer et al., 2004; DiLillo et al.,
2008). Indeed, it was suggested that the therapeutic benefit of Rituximab may be explained at least in part
via the reduction of Interleukin (IL)-6 producing B cells (Hasegawa et al., 2006; Bosello et al., 2010; Jones
et al., 2014). Of note, however, a prolonged B cell depletion during early disease may also reduce IL-10
secreting B cells that negatively regulate the development of autoimmune responses, leading to the exac-
erbation of disease pathology (Fillatreau et al., 2002, 2008; Matsushita et al., 2008; DiLillo et al., 2010; Haas
etal., 2010; Cerqueira et al., 2019). Furthermore, the absence of secreted IgM leads to accelerated devel-
opment of IgG autoantibodies and pronounced autoimmune disease in SLE-prone MRL/lpr mice, suggest-
ing that natural IgM antibodies inhibit self-destructive antibody responses (Boes et al., 2000; Nguyen and
Baumgarth, 2016). In summary, B cells and natural IgM may contribute to both, disease promoting and dis-
ease suppressing immunomodulatory pathways during different phases of an autoimmune disease,
requiring a precise understanding of how the humoral immune system modulates autoimmunity.

In humans it has become clear that the initial loss of humoral tolerance may occur years before the onset of
clinical symptoms (Arbuckle et al., 2003). Thus, 88% of SLE patients show at least one hallmark SLE autoan-
tibody on average three years before the diagnosis of clinical disease. Especially anti-dsDNA IgG anti-
bodies, which can be detected in half of all SLE patients, are usually not found in the serum of healthy
individuals (Wichainun et al.,, 2013; Jia et al., 2018). If and how this clinically unapparent phase of the disease
impacts the downstream active phase and thus may represent a window of opportunity for therapeutic
intervention, is largely unclear. To address this question, we used the BXSB mouse model, in which mice
spontaneously develop an SLE-like chronic autoimmune disease characterized by a marked lymphadenop-
athy, splenomegaly, monocytosis, hemolytic anemia, hypergammaglobulinemia, proteinuria, autoanti-
body formation, and an immune complex dependent glomerulonephritis (Murphy and Roths, 1978,
1979; Rogers et al., 2007). Using this model, we show that a transient depletion of B cells during the pre-
phase of the disease abolishes downstream disease pathology (including systemic immune system activa-
tion, lymph adenopathy and organ damage) and restores inhibitory immune checkpoints, such as serum
IgG sialylation and Fc-gamma receptor |IB (FcyRIIB) expression. Our study suggests that B cell depleting
strategies targeting the early pre-clinical phase of a complex systemic autoimmune disease may be able to
globally restore immune homeostasis and may represent a therapeutic avenue to limit systemic autoim-
mune disease pathology.

RESULTS
Defining the pre-clinical phase of systemic autoimmune disease in BXSB mice

To investigate the impact of a therapeutic intervention during the pre-phase of a spontaneously developing
complex autoimmune disorder on the development of clinical disease appearing later in life, we chose BXSB
mice as a model system. Compared with other spontaneous mouse models of SLE, such as MRL/Ipr mice,
BXSB mice develop a milder and more prolonged disease. Furthermore, BXSB mice are one of the few mouse
models showing a severe monocytosis, which can also occur in human SLE. Of note however, unlike in humans, in
the BXSB model predominantly male mice develop autoantibodies specific for double stranded DNA early in
life. This loss of humoral tolerance is followed by an SLE-like autoimmune disease mimicking many parameters
of the human disease. First clinical signs of autoimmunity can be detected around 12 weeks of age and the mean
survival of affected mice is five to six months (Andrews et al., 1978; Murphy and Roths, 1979; Theofilopoulos et al.,
1980). To define if a pre-clinical phase (pre-phase) of the disease, in which autoantibodies are present in the
absence of autoimmune pathology, exists, we analyzed IgM, IgG, and IgA (auto) antibody production in male
and in littermate female BXSB mice starting at the age of four weeks. While the total amount of IgM was higher
in male mice compared with female mice at all investigated time points, IgG serum levels were not dramatically
increased until eight weeks of age (Figure 1A). IgA serum antibody levels were only slightly elevated in male
BXSB mice. With respect to autoantibodies, IgM anti-dsDNA autoantibodies were increasing at very early
time points, showing a first peak at the age of seven weeks, while IgG anti-dsDNA antibodies were just emerging
during that phase (Figure 1B). In contrast, no major increase in IgA anti-dsDNA antibodies became apparent,
prompting us to focus on IgM and IgG antibody responses for the rest of our study. Furthermore, no anti-nuclear
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Figure 1. Characterizing the pre-phase of autoimmunity in BXSB mice

(A and B) Depicted are the total amounts (mg/mL) of IgM, IgG and IgA serum antibodies (A) as well as IgM, IgG and IgA
anti-dsDNA antibodies (in arbitrary units (AU)) (B) in the serum of female (?) and male () BXSB mice at the indicated
age. Shown are the results of three independent experiments as mean +SD with a total of n = 18-22 mice (IgG and IgM)
orn = 6-9(IgA).

(C) Representative images of IgG anti-nuclear antibodies (ANA) in the serum of female (?) and male (&) BXSB mice at six to
seven and 18 weeks of age identified by indirect immunofluorescence assay with HEp-2 slides. As a positive control serum
from Scurfy mice was used. Bars indicate 50 pm.

(D-F) Depicted are representative pictures of inguinal, axial and cervical lymph nodes (D) and spleens (E) as well as the
quantification of the spleen weight (F) of female (?) and male (3) BXSB mice at six to seven weeks of age. Differences
between groups were assessed by unpaired t test, two-tailed. ns: not significant. Shown are the results of two

independent experiments with a total of n = 6-10 mice per group. Symbols represent individual mice; error bars represent
the mean + SD.
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Figure 1. Continued

(G) Shown are thrombocyte counts in the peripheral blood of female (2) and male (8) BXSB mice at six to seven weeks of
age. Differences between groups were assessed by Mann-Whitney U test, two-tailed. ns: not significant. Shown are the
results of five independent experiments with a total of n = 31-43 mice per group. Symbols represent individual mice; error
bars represent the mean + SD.

(H and I) Shown is a representative hematoxylin and eosin (H&E) staining (H) of the kidney of female (?) and male (3) BXSB
mice at six to seven weeks of age and the quantification of the glomeruli size (I) of three independent experiments. Bars in
h indicate 50 pm. Differences between groups were assessed by unpaired t test, two-tailed. ns: not significant. n = 9-12
mice per group. Symbols represent individual mice; error bars represent the mean + SD.

(J) Depicted is the blood urea nitrogen (BUN) level (mg/dL) of six-to seven-week-old female (?) and male (3) BXSB mice.
Differences between groups were assessed by unpaired t test, two-tailed. ns: not significant. Four independent
experiments with a total of n = 31-36 mice per group. Symbols represent individual mice; error bars represent the
mean + SD.

antibodies (ANAs) were detectable at this early time point (Figure 1C). Importantly, no lymphadenopathy (Fig-
ure 1D), splenomegaly (Figures 1E and 1F), thrombocytopenia (Figure 1G), kidney inflammation (Figures TH and
11), or elevated blood urea nitrogen (BUN) values (Figure 1J) were detectable at this age. In summary, our results
suggest that a pre-clinical phase of autoimmunity exists in BXSB mice, which is characterized by a loss of humoral
tolerance predominantly at the level of IgM in the absence of autoimmune pathology.

Targeting the pre-phase of autoimmunity via B cell depletion

Depletion of B cells has become a widely used therapeutic avenue in many autoimmune diseases in hu-
mans. How a B cell depletion in the pre-phase of autoimmunity affects the severity of the active disease
later in life is less well understood, however. To study this, we used a CD20-specific murine IgG2c antibody
developed by Uchida et al. (Uchida et al., 2004a) to transiently deplete B cells during the pre-phase of the
disease for three weeks (Figures S1 and S2A). This led to an almost complete removal of CD19" B cells from
the blood over a period of more than four weeks (Figures S2B and S2C). Moreover, the amount of B cells
could be significantly decreased in the spleen four days after the first anti-CD20 antibody injection (Figures
S2D and S2E). While immature B cells were already less abundant in isotype-treated male BXSB mice at that
age and showed only a slight additional reduction, follicular and marginal zone B cells were strongly
decreased after anti-CD20 antibody therapy (Figures S2F and S2G). In contrast, CD138" TACI* plasma
blasts and plasma cells were only slightly diminished (Figures S2H and S2I). In the bone marrow, only recir-
culating B cells could be depleted (Figures S2J and S2K), consistent with the absence or low level of CD20
expression on pro/pre B cells, immature B cells, and plasma cells (Uchida et al., 2004b). In the peritoneal
cavity, only a trend toward B cell depletion was detectable, as described before (Hamaguchi et al., 2005)
(Figures S2L and S2M). In summary, our data demonstrate that treating mice with a CD20-specific antibody
during the pre-phase of disease leads to a strong reduction of immature and most mature B cell popula-
tions over a period of approximately four weeks.

Impact of pre-disease phase B cell depletion on lymphoid organ structure

To assess if and how a B cell depletion during the pre-phase of disease may affect clinical symptoms later in
life, we studied how differentimmune cell subsets are altered in 18-week-old isotype or anti-CD20 antibody
treated BXSB mice. At this time point, a peak in disease can be observed leading to death of around half of
affected male mice (Andrews et al., 1978; Murphy and Roths, 1978; Theofilopoulos et al., 1980). As depicted
in Figures 2A and 2B, the massive lymphadenopathy (Figure 2A) and splenomegaly (Figures 2B and 2C)
could be completely prevented through the short-term B cell depletion in 6-week-old mice. Histological
analysis of the spleen and lymph nodes revealed that the localization of B220" B cells, TCRB" T cells and
CD138" plasma blasts and plasma cells in the lymph nodes of isotype-treated male BXSB mice was
completely different compared with anti-CD20 antibody-treated male and female BXSB animals (Fig-
ure 2D). While female and anti-CD20-treated male BXSB mice showed a central T cell zone surrounded
by B cells and almost no accumulations of CD138" cells, the lymph nodes of isotype-treated male mice
presented with structural features more closely resembling those typically found in the spleen. Thus, large
accumulations of plasma blasts and plasma cells, as well as follicular structures of Band T cells were detect-
able. With respect to the spleen, follicular structures showed an altered appearance, characterized by
diminished numbers of T cells and increased accumulations of CD138" cells in isotype-treated male
mice (Figure 2E). In anti-CD20 antibody treated male BXSB mice, however, the follicular splenic structure
was more comparable to non-affected female littermate controls, suggesting that the transient B cell
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Figure 2. Effect of pre-phase B cell depletion on lymphadenopathy and splenomegaly

(A and B) Depicted are representative pictures of inguinal, axial, and cervical lymph nodes (A) and spleens (B) from isotype
or anti-CD20 antibody (2CD20) treated male (3) and female (?) mice at 18 weeks of age of two independent experiments.
(C) Quantification of the spleen weight of 18-week-old anti-CD20 or isotype control antibody-treated BXSB mice.
Significant differences between indicated groups were tested with ordinary one-way ANOVA with Tukey's multiple
comparison test. Shown are the results of two independent experiments with a total of n = 5-6 mice per group. Symbols
represent individual mice; error bars represent the mean + SD. ****p < 0.0001.

(D and E) Shown are representative immunofluorescence pictures of lymph node (D) and spleen (E) sections from
18-week-old female (?) and male (3) BXSB mice stained for the presence of B220™ B cells (depicted in green), TCRB" T cells
(in blue) and CD138" plasma blasts and plasma cells (in red). Size bars in D indicate 200 um (2000 pm for isotype-treated
male BXSB mice). Size bars in E indicate 500 pm.

depletion during the pre-phase of disease interfered with the restructuring of secondary lymphoid organs
during active disease.

Pre-phase B cell depletion limits innate and adaptive immune cell expansion

A more detailed cellular analysis confirmed that the increase of immature and follicular B cells (Figures
3A and 3B), as well as of CD138" TACI" plasma blasts and plasma cells in spleen (Figures 3C and 3D) and
bone marrow (Figures 3E and 3F) could be prevented in anti-CD20 antibody treated BXSB males. Addi-
tionally, peritoneal cavity B1b cells, showed a trend toward approaching the level present in non-affected
littermate controls (Figures S31 and S3J). At the level of T cells, both, CD4* and CD8" T cell subsets were
altered in anti-CD20 antibody treated mice (Figures 3G-3J). While CD4" T cells in isotype-treated male
mice consisted of roughly 90% effector memory (EM) T cells, this T cell subset represented only about
44% of all T helper cells in anti-CD20-treated males, comparable to non-affected females (Figures 3G
and 3H). Within CD8" T cells, a similar expansion of EM T cells to 53.1% was noted in isotype-treated
male BXSB mice, which could not be observed in anti-CD20 antibody treated male mice (6.3%), again
comparable with the level observed in female BXSB mice (Figures 3| and 3J). Additionally, CD4" and
CD8" T cells were expanded more than two-fold in isotype-treated males while they were only slightly
increased in male BXSB mice treated with the anti-CD20 antibody (Figures 3H and 3J). Furthermore,
the expansion of classical and non-classical monocytes in isotype-treated male mice was found to be
reduced to levels found in female littermate controls (Figures 3K and 3L). In a similar manner, the
increased level of eosinophils in the blood, spleen, and bone marrow and the expansion of peritoneal
macrophages detectable in isotype-treated mice were diminished (Figures S3A-S3H). In summary, our
results demonstrate that short-term B cell depletion during the pre-phase of disease prevents the
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Figure 3. Effect of pre-phase B cell depletion on innate and adaptive immune cell subsets in autoimmune BXSB
mice

(A and B) Representative FACS plots (A) and the quantification (B) of immature (Imm. B), follicular (FO), and marginal zone
(MZB) B cell subsets in the spleen of 18-week-old female (?) or male (3) BXSB mice treated with isotype control or CD20-
specific antibodies during the pre-phase of disease. Shown are two independent experiments with 5-7 mice per group.
Differences between groups were determined by ordinary one-way ANOVA with Tukey’s multiple comparison test.
Symbols represent individual mice; error bars represent the mean + SD. **p < 0.01; ***p < 0.001.

(C-F) Depicted are representative FACS plots (C, E) and the quantification (D, F) of CD138" TACI" plasma cells in the
spleen (C, D) and bone marrow (E, F) of 18-week-old female (?) and male (3) BXSB mice treated with isotype control or
CD20-specific antibodies during the pre-phase of disease. Shown are two independent experiments with 5-7 mice per
group. Differences between groups were determined by ordinary one-way ANOVA with Tukey's multiple comparison
test. Symbols represent individual mice; error bars represent the mean + SD. **p < 0.01; ***p < 0.001; ****p < 0.0001.
(G-J) Shown are representative FACS plots (G, I) and the quantification (H, J) of CD4" (G, H) and CD8" (I, J) T cell subsets
(naive, effector memory (EM), central memory (CM)) in the spleen of 18-week-old female (?) and male (8) BXSB mice
treated with isotype control or CD20-specific antibodies during the pre-phase of disease. Shown are two independent
experiments with 5-7 mice per group. Differences between groups were determined by ordinary one-way ANOVA with
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Figure 3. Continued

Tukey's multiple comparison test. Symbols represent individual mice; error bars represent the mean + SD. *p < 0.05;
*xxp5 < 0,001,

(K and L) Depicted are representative FACS plots (K) and the quantification (L) of classical and non-classical monocyte
subsets in the spleen of 18-week-old female (2) and male (3) BXSB mice treated with isotype control or CD20-specific
antibodies during the pre-phase of disease. Shown are two independent experiments with 5-7 mice per group.
Differences between groups were determined by ordinary one-way ANOVA with Tukey’s multiple comparison test.
Symbols represent individual mice; error bars represent the mean + SD. **p < 0.01; ****p < 0.0001.

systemic expansion and activation/differentiation of innate and adaptive immune cell subsets usually
observed during the peak phase of clinical disease.

Effect of B cell depletion on serum antibody levels, glycosylation, and B cell receptor
repertoire diversity

The active phase of autoimmunity is frequently characterized by exacerbated I1gG levels and an altered
serum antibody glycosylation (Seeling et al., 2017). To test if the early transient B cell depletion regimen
had an impact on serum antibody levels and glycosylation, we quantified serum antibody levels and
determined serum IgG subclass glycosylation via mass spectrometry analysis (Figures 4 and S4). As
shown in Figures 4A and 4B, B cell depletion during the pre-phase of disease limited or abrogated
the increase in serum IgM, 1gG1, 1IgG2b, IgG2¢, 19G3, and IgA levels observed in the isotype-treated con-
trol cohort at ten or eighteen weeks of age. Furthermore, the decrease in sialylated 1gG1 and IgG2b/
1gG2c¢ glycoforms, characteristic for the active phase of many mouse and human autoimmune diseases,
could be corrected (Figures 4B and 4C), whereas no major changes were observed in galactosylated 1gG
glycoforms between isotype and CD20-specific antibody treated male mice (Figures S4A and S4B). To
gain in depth insights into the diversity of the B cell population present in B cell depleted and iso-
type-treated animals at 18 weeks of age, we performed high-throughput RNA sequencing of the BCR
heavy chains in splenic B cells of isotype and anti-CD20 antibody-treated male mice. By using antibody
isotype-specific primers for cDNA synthesis (IgM, 1gG1/2a/2b/2c and IgA; for primer sequences see Ta-
bles 1 and 2) and a separation according to individual primer sequences, BCR repertoire analysis could
be performed in an antibody isotype and subclass specific manner. VyDy-, ViJy- and Dpdy-pairing was
analyzed for individual mice and is depicted as circos plots (Figures 4D-4F). With respect to IgM (n HC),
1gG (y1/2 HC) and IgA (o HC) producing B cells, no obvious overrepresentations of single VuDu-, Viudu-
or DpJy-combinations could be detected (Figures 4D-4F, isotype panel), suggesting that there is no re-
striction in the BCR repertoire in BXSB mice. For IgM- and IgA-positive B cells, this VDJ combination
pattern did not show major changes in anti-CD20 antibody treated mice (Figures 4D and 4F, anti-
CD20 panel, Figures S5A and S5C). With respect to 1gG-expressing B cells, however, a somewhat lower
level of complexity in VDJ usage was observed in B cell depleted animals (Figures 4E and S5B), which
may be explained at least in part by the lower level of serum IgG and B cells at 18 weeks of age.

Furthermore, V-, D- and J-gene usage was analyzed for all serum antibody isotypes (Figure Sé). In p HC
positive B cells, D2 segments were present at a slightly higher level in anti-CD20-treated male mice
(Figure S6A). In y1/2 HC positive B cells, a higher usage of J4 segments was observed in anti-CD20-
treated mice (Figure S6B). In o HC positive B cells, a higher abundance of D1 and lower level of D2
gene segments became evident (Figure S6C). Additionally, CDR3 length (Figure S7A) and individual
amino acid usage in the CDR3 region (Figure S7B) was investigated. While no major differences in
CDR3 length were observed in isotype and anti-CD20-treated mice at the level of IgM- and IgA-positive
B cells, the presence of longer CDR3 regions in IgG positive B cells of isotype-treated mice could be
reverted in anti-CD20-treated animals. In contrast, no major changes with respect to the abundance of
individual amino acids could be observed (Figure S7B). In summary, depletion of B cells during the
pre-phase of SLE not only significantly diminished IgG production, it also increased the frequency of
anti-inflammatory sialylated 1g9G species and reduced the abundance of long CDR3 regions in IgG
antibodies.

Restoring the threshold for immune cell activation via therapeutic targeting of indolent
disease

A key factor regulating the expansion of autoreactive B cells, the production of autoantibodies, and the
activation of innate immune effector cells is the inhibitory FcyRIIB (Tarasenko et al., 2007; Smith and Clat-
worthy, 2010; Espeli et al., 2016). Indeed, reduced levels of FcyRIIB expression on B cells were observed in
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Figure 4. Effect of pre-phase B cell depletion on humoral immunity

(A) Shown is the total amount of serum IgM, 1gG1, IgG2b, IgG2¢, IgG3 and IgA in 10- and 18-week-old anti-CD20 (aCD20)
or isotype control antibody treated female (?) and male (8) BXSB mice as determined by quantitative ELISA. Significant
differences between indicated groups were tested with ordinary one-way ANOVA with Tukey's multiple comparison test
(normal distribution) or Kruskal-Wallis plus Dunn’s multiple comparison test (no normal distribution). Two independent
experiments with a total of n = 5-12 mice per group. Symbols represent individual mice; error bars represent the mean +

SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
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Figure 4. Continued

(B and C) Determination of serum IgG subclass glycosylation in 10- or 18-week-old anti-CD20 («CD20) or isotype control
antibody treated female (?) and male (3) BXSB mice by mass spectrometry. (B) Depicted is a representative spectrum with
peaks corresponding to [M+2H]2+ and [M+3H]3+ glycoforms labeled with the respective glycan structures according to
Symbol Nomenclature for Graphical Representation of Glycans (Varki et al., 2015). (C) Quantification of sialylated glycan
species containing one or two terminal sialic acid residues. Significant differences between indicated groups were tested
with ordinary one-way ANOVA (normal distribution) or Kruskal-Wallis test (no normal distribution) and corrected for
multiple testing by two-stage step-up method of Benjamini, Krieger and Yekutieli with a false discovery rate of 0.05. Two
independent experiments with a total of n = 5-7 mice per group. Symbols represent individual mice; error bars represent
the mean £ SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

(D-F) VDJ recombination in p (D), ¥1/2 (E) and @ (F) heavy chains (HC) of anti-CD20 («CD20) or isotype control antibody
treated male (3) mice at the age of 18 weeks was analyzed by high-throughput sequencing. Circos plots depicting the
frequencies of VyDy, VuJy and DpJy usage and combinations of productive sequences from four individual mice are
depicted. One independent experiment with a total of n = 4 mice.

patients with RA and chronic inflammatory demyelinating polyneuropathy and a functionally impaired
FcyRIIB variant was suggested to be associated with the development of SLE (Pritchard and Smith,
2003; Mackay et al., 2006; Tackenberg et al., 2009; Smith and Clatworthy, 2010; Willcocks et al., 2010; Baer-
enwaldt etal., 2011). In line with the observations in human patient cohorts we noted a strong reduction of
FcyRIIB expression in diseased male mice compared with healthy female littermate controls on innate im-
mune effector cells, including eosinophils, neutrophils, classical monocytes in the blood, spleen and bone
marrow, and on peritoneal macrophages (Figure 5). In mice that were subjected to a B cell depletion
regimen during the pre-phase of disease, however, an increased FcyRIIB expression level approaching
that of healthy littermate controls was observed for most innate immune effector cell subsets. Along the
same lines, a reduced expression level of FcyRIIB on mature B cells in the peripheral blood, marginal
zone B cells in the spleen, as well as B1 and B2 B cell subsets in the peritoneal cavity was observed in
affected male mice (Figures S8A, S8B, and S8D). Interestingly, the depletion of B cells during the pre-phase
of the disease normalized FcyRIIB expression on these B cell subsets, which would be in line with a reduced
level of autoantibody production through increasing the threshold for B cell activation.

Effect of a pre-disease B cell depletion on autoantibody development

To analyze the impact of short-term B cell depletion therapy on autoantibody generation, we determined
different types of autoantibodies in the serum of anti-CD20-treated BXSB mice. While the first rise of IgM
anti-dsDNA antibodies at the age of seven weeks could be abrogated, the onset of IgG anti-dsDNA antibody
production was not altered (Figures S9A and S9C). However, IgM and 1gG anti-dsDNA antibodies tended to in-
crease somewhat slower in anti-CD20-treated male BXSB mice compared with isotype-treated controls. For
example, IgM but not IgG anti-dsDNA antibodies were significantly decreased at the age of 18 weeks (Figures
S9B and S9D). Of note, the drop of IgM and IgG anti-dsDNA antibodies for isotype-treated males at 42 weeks of
age is due to mice succumbing to terminal disease and therefore only one remaining mouse is depicted at this
time point. Female BXSB littermate control mice showed no or very low amounts of IgM and IgG anti-dsDNA
antibodies, which were only detectable after six months of age. To confirm the ELISA data we made use of
the Crithidia luciliae indirect immunofluorescence test. Crithidia luciliae contains naked circular DNA in select
subcellular regions (kinetoplasts) allowing to directly detect anti-dsDNA autoantibodies. As shown in Figure S9E,
isotype-treated male BXSB mice showed weak staining of the kinetoplast starting with the age of 10 weeks,
which intensified until 18 weeks of age, similar to the results obtained in the anti-dsDNA ELISA. In anti-CD20-
treated male mice, a weaker staining of kinetoplasts was detectable starting from 10 weeks of age. Surprisingly,
some anti-CD20-treated female BXSB mice also showed weak kinetoplast staining beginning at the age of
14 weeks, which was not detectable by anti-dsDNA IgG ELISA.

Furthermore, IgM and IgG anti-RNA autoantibodies increased over time but were absent in the pre-phase
of the disease (Figures S10A and S10C). Comparable to anti-dsDNA antibodies, anti-RNA autoantibodies
were increased in the isotype-treated male BXSB cohort at 18 weeks of age compared to anti-CD20-treated
group. Of note, the decrease of IgG (but not IgM) anti-RNA antibodies in isotype-treated mice at 30 weeks
of age (Figure S10C) is due to the death of mice with severe disease, reducing this experimental cohort to
two mice with low RNA-specific autoantibody levels. In addition, ANAs were determined by an indirect
immunofluorescence assay using HEp-2 slides (Figure S10E). Here, isotype-treated BXSB males
showed first serum positivity already at the age of ten weeks, whereas a similar staining pattern could
be detected in anti-CD20-treated mice beginning at the age of 14 weeks. In summary, our results suggest
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Table 1. Primer for cDNA synthesis with UMI

Name, function Sequence 5'-3' Manufacturer

TAK_402, IgG1, IgG2a, AGATGTGTATAAGAGACAGH Integrated DNA Technologies

19G2b, IgG2c primer HHHHACAHHHHHACAHHHHN Inc., Coralville, IA
ATTCCCTTGACCAGGCA

TAK_IgM, IgM primer AGATGTGTATAAGAGACAG Integrated DNA Technologies
HHHHHACAHHHHHACAHHHH Inc., Coralville, 1A
NATTCCATGGCCACCAGATTCTT

TAK_IgA, IgA primer AGATGTGTATAAGAGACAG Integrated DNA Technologies
HHHHHACAHHHHHACAHHH Inc., Coralville, IA

HNATTGAGCTCGTGGGAGTGTCAGTG

that pre-disease phase B cell depletion does not lead to an immediate but a delayed (starting at 14—
16 weeks of age) reduction of autoantibodies directed against DNA or RNA.

Apart from autoantibodies, B cell activating factor (BAFF) levels have been associated with disease ac-
tivity in human SLE (Stohl et al., 2003; Eilertsen et al., 2011). To analyze if there is an increase in BAFF
serum levels in the pre- and early phase of SLE in BXSB mice, serum BAFF levels were determined in
isotype or anti-CD20-treated BXSB mice between six (pre-phase) and 18 (active phase of disease) weeks
of age (Figure ST0F). While we did not observe increased serum levels of BAFF in isotype-treated male
(active disease) versus isotype-treated female littermate controls in the pre- and early phase of disease, a
trend toward increase BAFF levels became evident at 18 weeks of age. However, we noted a clear in-
crease in BAFF serum levels during B cell depletion treatment with the anti-CD20 antibody in female
and to an even higher level in male BXSB mice at 10 weeks of age. An increase in BAFF levels has
been observed in different human autoimmune diseases where patients were treated with rituximab (Val-
lerskog et al., 2006; Lavie et al., 2007; Nagel et al., 2009).

Effect of a pre-disease B cell depletion on organ pathology

One of the most severe manifestations of SLE is kidney damage and ultimately organ failure. To assess if the
early B cell depletion regimen was able to limit organ destruction, we studied kidney function and structure
in isotype or anti-CD20-treated BXSB mice at the age of 18 weeks. While female BXSB mice showed no in-
crease of blood urea nitrogen (BUN) above the level of 40 mg/dL during the whole observation period, iso-
type-treated males displayed elevated BUN values beginning at the age of 16 weeks (Figure 6A). In
anti-CD20-treated males, the rise of BUN tended to be delayed by about ten weeks. Additionally, massive
immune complex and complement depositions were detectable in the kidneys of 18-week-old isotype-
treated male BXSB mice, whereas anti-CD20 treatment led to considerably decreased immune complex
accumulations at this time point (Figure 6B). The severe kidney destruction in isotype-treated males at
this age could also be verified by hematoxylin and eosin (H&E) staining of respective kidney sections (Fig-
ures 6C and 6D). Infiltrations or the appearance of protein casts (Figure 6C), as well as glomerular expan-
sions (Figure 6D) could be prevented by anti-CD20 treatment. Moreover, the thrombocyte count was
significantly decreased in peripheral blood of isotype-treated male BXSB mice at the age of 18 weeks (Fig-
ure 6E). Of note, this thrombocytopenia could be suppressed by B cell depletion therapy during the pre-
clinical phase of disease leading to almost normal platelet counts in the blood of anti-CD20-treated male
mice. The decreased level of systemic autoimmunity was mirrored by a prolonged survival of anti-CD20-
treated male BXSB mice. As depicted in Figures 6F and 6G short-term B cell depleted male mice lived
on average 40% longer (39 weeks) as isotype-treated controls (23.5 weeks) and therefore showed a signif-
icantly prolonged survival. In contrast, no deaths were recorded for female BXSB mice throughout the
whole observation period.

DISCUSSION

B cells play a critical role in the development of many complex autoimmune diseases. Treating patients
with established autoimmune diseases with monoclonal antibodies targeting the B cell survival factor
BAFF (e.g. with belimumab) (Baker et al., 2003; Furie et al., 2011; Navarra et al., 2011), with proteasome in-
hibitors targeting long-lived plasma cells (e.g. with bortezomib) (Neubert et al., 2008; Gomez et al., 2011;
Alexander et al., 2015; Jakez-Ocampo et al., 2015) or with cytotoxic antibodies specific for the pan B cell

10 iScience 24, 103076, September 24, 2021



iScience

¢? CellPress

OPEN ACCESS

Table 2. Primer for multiplex PCR with UMI

Name, function Sequence 5'-3' Manufacturer

TAK_423, illumina TCGTCGGCAGCGTCAGATG Integrated DNA Technologies

adapter extension TGTATAAGAGACAG Inc., Coralville, IA

TAK_562 GTCTCGTGGGCTCGGAGATG Integrated DNA Technologies
TGTATAAGAGACAGHHHHAC Inc., Coralville, IA
HHHHACHHHNGCAGGAGG
TGAAGCTTCTCGAGTC

TAK_564 GTCTCGTGGGCTCGGAGAT Integrated DNA Technologies |
GTGTATAAGAGACAGHHHH nc., Coralville, 1A
ACHHHHACHHHNGCAGGA
GGTGCAGCTTGTTGAGTC

TAK_568 GTCTCGTGGGCTCGGAGAT Integrated DNA Technologies
GTGTATAAGAGACAGHHHH Inc., Coralville, IA
ACHHHHACHHHNGCAGCA
GATCCAGTTGGTGCAGTC

TAK_575 GTCTCGTGGGCTCGGAGATG Integrated DNA Technologies
TGTATAAGAGACAGHHHHACH Inc., Coralville, IA
HHHACHHHNGCAGGAAGT
GCAGCTGTTGGAGAC

TAK_582 GTCTCGTGGGCTCGGAGA Integrated DNA Technologies
TGTGTATAAGAGACAGHHHHAC Inc., Coralville, IA
HHHHACHHHNG
CAGCAGGT/ideoxyl/CAGCTGCAGCAGYC

TAK_583 GTCTCGTGGGCTCGGAGA Integrated DNA Technologies
TGTGTATAAGAGACAGHH Inc., Coralville, IA
\HHACHHHHACHHHNGCAG
CAGGTTM/ideoxyl/GCTGCAACAGTC

TAK_584 GTCTCGTGGGCTCGGAGAT Integrated DNA Technologies
GTGTATAAGAGACAGHHHH Inc., Coralville, IA

ACHHHHACHHHNGCAGCAGGTYCA/
ideoxyl/CT/ideoxyl/CAGCAGTC

TAK_585 GTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGHHHHA
CHHHHACHHHNGCAGCAGG
TGCAGCTGAAGSAGTC

TAK_586 GTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGHHHHACH
HHHACHHHNGCAGGAGGTGC
AGCTTCAGGAGTC

TAK_587 GTCTCGTGGGCTCGGAGATGT
GTATAAGAGACAGHHHHACHH
HHACHHHNGCAGGAAGTGAA/
ideoxyNCTTGAGGWGTC

TAK_588 GTCTCGTGGGCTCGGAGA
TGTGTATAAGAGACAGHH
HHACHHHHACHHHNGCAG
CAGGTTACTCTGAAAGAGT

TAK_589 GTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGHHHHAC
HHHHACHHHN GCAGCAGAT/ideoxyl/
CAGCTT/ideoxyl/AGGAGTC

Integrated DNA Technologies

Inc., Coralville, IA

Integrated DNA Technologies

Inc., Coralville, IA

Integrated DNA Technologies

Inc., Coralville, IA

Integrated DNA Technologies

Inc., Coralville, IA

Integrated DNA Technologies

Inc., Coralville, IA

(Continued on next page)
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Table 2. Continued

Name, function Sequence 5'-3' Manufacturer

TAK_590 GTCTCGTGGGCTCGGAGAT Integrated DNA Technologies
GTGTATAAGAGACAGHHHH Inc., Coralville, 1A
ACHHHHACHHHNGCAGGAG
GTG/ideoxyl/AGCTGGTGGAGTC

TAK_591 GTCTCGTGGGCTCGGAGATGT Integrated DNA Technologies
GTATAAGAGACAGHHHHACHH Inc., Coralville, 1A
HHACHHHNGCAGGAGGTGCA
GCTTGTAGAGAC

TAK_612 GTCTCGTGGGCTCGGAGAT Integrated DNA Technologies
GTGTATAAGAGACAGHHHH Inc., Coralville, IA
ACHHHHACHHHNGCAGCAGG

T/ideoxyl/CAGCTGCAGCAGcC

marker CD20 (e.g. with rituximab) (Grillo-Lopez et al., 2000; Abud-Mendoza et al., 2009; Ramos-Casals
et al., 2009; Leandro, 2013) has shown remarkable clinical benefits. It has also become clear, however,
that the treatment efficacy increases if autoimmune diseases are diagnosed early allowing a rapid thera-
peutic intervention (Seeling et al., 2017). In this study, we went one step further and investigated if a treat-
ment in the earliest possible phase, the pre-phase of an autoimmune disease, in which a loss of humoral
tolerance is present in the absence of active disease, affects the development and/or severity of the clinical
autoimmune disease later in life.

To investigate this in an in vivo setting of a complex autoimmune disease, we made use of BXSB mice, which
spontaneously develop an SLE-like chronic autoimmune disease, which replicates select aspects of the hu-
man disease (Murphy and Roths, 1978, 1979). Although it is clear that none of the spontaneous mouse models
of SLE fully mimics all aspects of the human disease (which is heterogeneous even in humans), a common
feature of these mouse models is the early loss of humoral tolerance, which also is a hallmark of the human
disease. Our data further shows that the SLE-like disease in BXSB mice is also characterized by a pre-phase of
disease during which loss of humoral tolerance occurs in the absence of autoimmune pathology. The short
cycle of B cell depletion in the pre-phase of disease resulted in a predominant loss of peripheral blood and
splenic (follicular and marginal zone) B cell populations, recirculating mature B cells in the bone marrow and
of peritoneal B2 cells. In contrast, plasma cells were only mildly affected by CD20-specific B cell targeting as
expected. With respect to the impact of B cell depletion on later disease development, this allows assessing if
the already established plasma cell pool (including dsDNA and RNA-specific IgM/IgG producing plasma
cells) contributes to autoimmune pathology later in life (Hamaguchi et al., 2005; Lux et al., 2014). Arguing
against such a scenario, the transient depletion of immature and mature B cell subsets (but not of already
established plasma cells) had a major impact on downstream disease development and severity. Thus, at
eighteen weeks of age, when control mice had developed full-blown systemic disease, the mouse cohort
receiving the CD20-specific antibody therapy was almost completely protected from autoimmune pathology,
despite the continuing presence of serum IgG autoantibodies directed against dsDNA and RNA. However,
animals with high levels of RNA-specific antibodies seemed to be more likely to die in the isotype-treated
cohort of BXSB mice resulting in a marked drop of RNA reactivity in the remaining (surviving) mouse cohort
after thirty weeks of age. On the other hand, RNA-specific autoantibodies steadily increased in the B cell
depleted cohort, irrespective of animals succumbing to disease.

Possible explanations for these findings may be (I) that autoantibodies directed against nuclear antigens
do not play a dominant role in autoimmune pathology and/or (ll) that downstream effector pathways un-
derlying autoreactive IgG activity are altered. Indeed, we noted an upregulation of the inhibitory FcyRIIB
on various innate immune effector cells in blood, spleen and bone marrow. As FcyRIIB is a potent negative
modulator of IgG-dependent innate immune effector cell activation, this finding would be consistent with
the diminished eosinophilia in the peripheral blood and bone marrow, the reduced expansion of monocyte
subsets in the spleen and blood, and the absence of peritoneal macrophage expansion (Tarasenko et al.,
2007; Espeli et al., 2016). With respect to the mechanism of how an early B cell depletion may broadly
restore FcyRIIB levels on innate immune effector cells and B cells, a plausible but speculative explanation
may be afforded by the reduction of serum (auto)antibody levels, which may be involved in triggering

12 iScience 24, 103076, September 24, 2021



iScience

A B
Blood || Spleen |[ BM Blood || Spleen || BM
FMO _ FMO
7 [+]
® 8 9 Isotype 9 § Q Isotype
o> % > . "
@ § Q aCD20 M e o\ s é Q aCD20 A
© 1
S 2 & Isotype c © J Isotype
G 2 Jlsotyp s g 3 Isotyp
3 aCD20 S 3aCD20
FcyRIIB FcyRIIB
c Monocytes
Eosinophils Neutrophils classical non-classical
e — —k -
g 47 —Sim 4 = 4 = 4
=3 3 3 3
@ A -
HHEX 2 2 2
ol .
c 1 1 q 1
ok
0 0 0 0
L O 0o (DN eRNNe) (O el Ne) Lo Lo
QN QN QN QN QAN QN QN QN
2020 2020 2020 2020
238% 238% 8889 23589
Ot Ot 5o FO Ot Ot 5o fO Ot Ot 5o YO Ot O sp YO
D Monocytes
Eosinophils Neutrophils classical non-classical
I 4 47— 4
(=]
%3 3 3 3
c| @ - =
gl g2 . 2 2 2
B 3
Q.
o| =1 1 1 1
[T £
=
<0 0 0 0
258§ 25 2R 25 8§ 25 8%
>0 20 2020 2020 2020
| 28829 285% 2859 2859
Ot Ot vp YO O+ Ot %0 YO Ot Ot 0 YO O+ O+ %o TO
E Monocytes F Peritoneal
Eosinophils Neutrophils classical non-classical Macrophages
T 8] = 107 —ster 81 =L 8 —um o
7~
X g 0.8 6 6 =151 ,
2 0.6 e
=| < 4[4[ < ' 4 4 Ol L1017
m| & 0.4 AR
T 2 |l 02 2 2 M T 5
3 ' Al A= 3
Ocooa)o oa)ocu owomo choa)o OGJO‘DO
a8 saza sa=a 854 R
| 2888% 8889 8889 888% || 888%
ot Ot sp fO O+ O 0 YO OF O 0 YO Of Ot v SO ot Ot 5o YO

Figure 5. Effect of pre-phase B cell depletion on FcyRIIB expression

(A and B) Depicted are representative histograms of FcyRIIB expression on classical (A) and non-classical (B) monocytes in
blood, spleen and bone marrow (BM) of 18-week-old anti-CD20 («CD20) or isotype control antibody treated female (?)
and male (8) BXSB mice.

(C-F) Quantification of the delta median fluorescence intensities (AMFI) of FcyRIIB on eosinophils, neutrophils and
classical or non-classical monocytes in blood (C), spleen (D) and bone marrow (E) as well as peritoneal macrophages in the
peritoneal cavity (PerC) (F) of 18-week-old anti-CD20 («CD20) or isotype control antibody treated female (?) and male (3)
BXSB mice. Significant differences between indicated groups were tested with ordinary one-way ANOVA with Tukey's
multiple comparison test. Two independent experiments with a total of n = 5-7 mice per group. Symbols represent
individual mice; error bars represent the mean + SD. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

inflammation resulting in down-regulation of FcyRIIB via cytokines such as IFNy or activated complement
components (Nimmerjahn and Ravetch, 2006).

Apart from innate immune effector cells, we noted an upregulation of FcyRIIB expression on B cells, which
may explain the reduced level of certain autoantibody species and lower level of plasma cells in animals
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Figure 6. Effect of pre-phase B cell depletion on systemic autoimmune pathology

(A-D) Kidney function of isotype or anti-CD20-mIgG2c («CD20) treated female (?) and male (3) BXSB mice was evaluated
by blood urea nitrogen (BUN) (A), immune complex and C3 deposition (B) as well as hematoxylin and eosin staining of
individual kidney sections (C, D). (A) Depicted is the percentage of mice with increased BUN values (BUN >40 mg/dL) over
time. p value represents the difference between isotype and «CD20-treated males. Two independent experiments with a
total of n = 11-13 mice per group. (B) Representative kidney sections of IgM, I1gG, IgG2b and IgG2¢c immune complexes
and C3 depositions in the glomeruli of 18-week-old aCD20 or isotype control antibody treated female and male BXSB
mice. Bars represent 50 um. (C) Representative sections of the kidneys of 18-week-old «CD20 or isotype control antibody
treated female and male BXSB mice with cell infiltrates labeled by asterisks, erythrocytes in the tubuli by non-filled arrows
and protein casts by filled arrows. Bars represent 100 um. (D) Representative sections of kidney glomeruli (left) and
determined glomeruli size (right) of 18-week-old «CD20 or isotype control antibody treated female and male BXSB mice.
Differences between groups were tested by ordinary one-way ANOVA with Tukey’s multiple comparison test. Symbols
represent individual mice; error bars represent the mean + SD. ****p < 0.0001. Two independent experiments with a
total of n = 5-7 mice per group.

(E) Amount of thrombocytes per pl blood of 18-week-old anti-CD20 («CD20) or isotype control antibody treated female
(?) and male (8) BXSB mice. Differences between groups were tested by ordinary one-way ANOVA with Tukey’s multiple
comparison test. Symbols represent individual mice; error bars represent the mean + SD. *p < 0.05; ****p < 0.0001. Three
independent experiments with a total of n = 14-19 mice per group.

(F and G) Kaplan-Meier survival curves of isotype or anti-CD20-mlIgG2c (#CD20) treated female (?) and male (3) BXSB mice
(F) and calculated mean survival (G) of respective groups. Difference between isotype and aCD20-treated males was
compared by log rank test. Three independent experiments with a total of n = 9-12 mice per group.
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treated during the pre-phase of disease (Takai et al., 1996; Tarasenko et al., 2007). Furthermore, we noted
an increased usage of IGHV2 and IGHD2 segments found in anti-CD20-treated animals, while B cell deple-
tion in the pre-disease phase did not impact the use of IGHV11 and IGHV5 genes. Murine IGHV11 and the
human ortholog IGHV3 are associated with so-called B1 cell responses (Nguyen and Baumgarth, 2016; Ro-
driguez-Zhurbenko et al., 2019) and the generation of so-called natural IgM antibodies, which were sug-
gested to protect from autoimmune disease development (Kasaian and Casali, 1993; Choi et al., 2012).
In mice, B1a cells in the peritoneal cavity (Kaveri et al., 2012) and marginal zone B cells in the spleen (Woods
etal., 2011) are the main producers of natural IgM. Of note, the amount of marginal zone B cells and B1a
cells was not altered, suggesting that the B cell depletion during the pre-phase of disease did not affect
these protective B cell subpopulations. A potential explanation for the alterations observed in the B cell
receptor repertoire in the newly developing B cells in CD20-treated mice may be afforded by age specific
factors impacting B cell receptor repertoire selection such as availability of certain self-antigens.

Interestingly, we also noted an increase/normalization of sialic acid containing IgG glycoforms in the serum
of CD20 antibody treated mice. We and others have demonstrated that highly sialylated IgG glycovariants
can have an active anti-inflammatory activity and may help to restore immune homeostasis (Kaneko et al.,
2006; Schwab and Nimmerjahn, 2013; Massoud et al., 2014; Pincetic et al., 2014; Bozza et al., 2019). More-
over, several studies suggested that sialic acid rich IgG glycovariants mediate their activity at least in part
via upregulation of the inhibitory FcyRIIB on innate immune effector cells and B cells (Kaneko et al., 2006;
Anthony et al., 2011; Fiebiger et al., 2015). Thus, although speculative at the moment, the increase in sialy-
lated 19G glycoforms in the serum may be responsible at least in part for the increase in FcyRIIB expression.
Apart from effects of pre-phase B cell depletion on B cells and innate immune cells, we also noted a dimin-
ished expansion of memory T cells (both CD4 and CD8) in B cell depleted animals. These findings are
consistent with studies from other groups in MRL/lpr mice suggesting that B cells can play a major role
in instructing autoreactive T cell responses (Chan and Shlomchik, 1998) and can further orchestrate auto-
immune responses by acting as antigen-presenting cells and producers of pro-inflammatory cytokines
(Shlomchik et al., 1994; Chan and Shlomchik, 1998; Chan et al., 1999; Anolik et al., 2004; Looney et al.,
2004; Nashi et al., 2010; Barr et al., 2012; Getahun and Cambier, 2019).

In summary, our study suggests that pre-disease phase B cells play a critical role for the later development
of systemic autoimmunity. Apart from autoantibody production, B cells may aid autoimmune pathology via
cytokine and chemokine production triggering autoreactive T cells and other mononuclear cells, reduced
autoantigen presentation to T cells, and/or diminished ability of dendritic cells to present autoantigens.
However, the exact mechanisms still need to be elucidated. Nevertheless, therapeutic targeting of the
pre-phase of autoimmunity may be a valid strategy to interfere with the development of autoimmune dis-
eases via a global resetting of immune homeostasis leading to delayed onset of the disease.

Limitations of the study

The major limitation of the study is the focus on one mouse model of SLE, which may argue for caution
when trying to translate the results to the human situation. While the use of a genetically complex mouse
model characterized by spontaneous development of disease clearly is an advantage compared to other
inbred mouse models of SLE, the fact that mainly male mice are affected by the disease is not recapit-
ulated in humans. Although specific parameters of SLE development and the associated autoimmune pa-
thology may differ between mice and humans, the fact that an early treatment of complex autoimmune
diseases may lead to more durable and sustained therapeutic effects may be relevant for both species,
however.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Anti-mouse/human B220 (CD45R) PerCP
(clone RA3-6B2)

BD Biosciences

Cat. #553093; RRID: AB_394622

Anti-mouse/human B220 (CD45R) BV510 Biolegend Cat. # 103248; RRID: AB_2650679
(clone RA3-6B2)
Anti-mouse/human B220 (CD45R) A488 Biolegend Cat. # 103225; RRID: AB_389308
(clone RA3-6B2)
Anti-Mouse C3 FITC (clone RmC11H9) Cederlane Cat. # CL7503F; RRID: AB_100612%94
Anti-mouse CD4 PerCP (clone RM4-5) BD Biosciences Cat. # 553052; RRID: AB_394587
Anti-mouse CD5 APC (clone 53-7.3) Biolegend Cat. # 100625; RRID: AB_2563928
Anti-mouse CD8a A647 (clone 53-6.7) Biolegend Cat. # 100724; RRID: AB_389326
Anti-mouse CD11b FITC (clone M1/70) eBioscience Cat. # 11-0112-71; RRID: AB_464933
Anti-mouse/human CD11b PerCP-Cy5.5 Biolegend Cat. # 101228; RRID: AB_893232
(clone M1/70)
Anti-mouse CD19 BV510 (clone 6D5) Biolegend Cat. # 115546; RRID: AB_256213
Anti-mouse CD21/35 FITC (clone 7G6) BD Biosciences Cat. # 553818; RRID: AB_395070
Anti-mouse CD23 Biotin (clone B3N4) Biolegend Cat. # 101604; RRID: AB_312829
Anti-mouse/human CD44 Biotin (clone IM7) Biolegend Cat. # 103003; RRID: AB_312954
Anti-mouse CD45 APC/Fire750 (clone 30-F11) Biolegend Cat. # 103154; RRID: AB_2572116
Anti-mouse CD62L PE/Cy7 (clone MEL-14) Biolegend Cat. # 104418: RRID: AB_313103
Anti-mouse CD138 A647 (clone 281-2) Biolegend Cat. # 142525; RRID: AB_2566238
Anti-mouse CD138 PE (clone 281-2) Biolegend Cat. # 553714; RRID: AB_395000
Anti-mouse CD267 (TACI) PE (clone 8F10) Biolegend Cat. # 133403; RRID: AB_2203542
Anti-mouse F4/80 Biotin Biolegend Cat. # 123106; RRID: AB_893501
Anti-mouse FcyRIIB (clone Ly17.1) Jeffrey Ravetch N/A

(Kimura et al., 1981)
Anti-mouse Gr-1 BV510 (clone RB6-8C5) Biolegend Cat. # 108437; RRID: AB_2562214
Anti-mouse Gr-1 FITC (clone RB6-8C5) BD Biosciences Cat. # 553127; RRID: AB_394643
Anti-mouse IgD PE/Cy7 (clone 11-26c.2a) Biolegend Cat. # 405719; RRID: AB_2561875
Anti-mouse IgG FITC (polyclonal) eBioscience Cat. # 11-4011-85; RRID: AB_465218
Anti-mouse F(ab)2 IgG PE (polyclonal) Jackson ImmunoResearch Cat. # 115-116-071; RRID: AB_2338626
Anti-mouse IgG2b PE (polyclonal) Thermo Fisher Cat. # M32404; RRID: AB_2536646
Anti-mouse IgG2c PE (polyclonal) Jackson ImmunoResearch Cat. # 115-005-208; RRID: AB_2338464
Anti-mouse IgM PE (clone 11/41) eBioscience Cat. # 12-5790-81; RRID: AB_465939
Anti-mouse IgM PerCP/Cy5.5 (clone RMM-1) Biolegend Cat. # 406512; RRID: AB_2075943
Anti-mouse NK1.1 FITC (clone PK136) Biolegend Cat. # 108706; RRID: AB_313393
Anti-mouse TCRp FITC (clone H57-597) Biolegend Cat. # 109206; RRID: AB_313429
Anti-mouse TCRpB Aé47 (clone H57-597) Biolegend Cat. # 109218; RRID: AB_493346
Streptavidin BV510 Biolegend Cat. # 405233
Streptavidin PE/Cy7 Biolegend Cat. # 405206
Chemicals, Peptides, and Recombinant Proteins
AMPure XP Beads Beckmann und Coulter Cat. # A6388-1
methylated bovine serum albumin (mBSA) Sigma Cat. # A1009

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Deoxyribonucleic acid from calf thymus Sigma Cat. # D4522
yeast RNA Roche Cat. # 10109223001
Critical Commercial Assays

Mouse IgA ELISA Quantitation Set Bethyl Cat. # E90-103
Mouse IgM ELISA Quantitation Set Bethyl Cat. # E90-101
Mouse IgG ELISA Quantitation Set Bethyl Cat. # E90-131
Mouse IgG1 ELISA Quantitation Set Bethyl Cat. # E90-105
Mouse IgG2b ELISA Quantitation Set Bethyl Cat. # E90-109
Mouse IgG2c ELISA Quantitation Set Bethyl Cat. # E90-136
Mouse IgG3 ELISA Quantitation Set Bethyl Cat. # E90-111

Urea Nitrogen (BUN) Reagent Set
Scriptum First Kit

KAPA HiFi HotStart Uracil+ ReadyMix Kit
Q56 High-Fidelity PCR Kit

Teco Diagnostic
Bio&Sell
Kapa Biosystems

New England BioLabs

Cat. # B551-132
Cat. # BS.48.100
Cat. # KK2801
Cat. # EO555L

Mouse BAFF ELISA Kit abcam Cat. #ab119580

Deposited Data

Raw data BZR repertoire analysis This paper Mendeley Data: https://doi.org/
10.17632/smtxktdtfc. 1

Data Figures and Supplementary Figures This paper Mendeley Data: https://doi.org/
10.17632/gvxjz3twft.1

Raw Data IgG Glycosylation Part 1.1 This paper Mendeley Data: https://doi.org/
10.17632/jygxpd7g7c.1

Raw Data IgG Glycosylation Part 1.2 This paper Mendeley Data: https://doi.org/
10.17632/kjfw7 cwnxf.1

Raw Data IgG Glycosylation Part 2 This paper Mendeley Data: https://doi.org/

10.17632/4s9nxvk7br.1

Experimental Models: Organisms/Strains

Mouse: BXSB/MpJ

The Jackson Laboratory

RRID: IMSR_JAX:000740

Software and Algorithms

AxioVision Rel. 4.9

BD FACS Diva 6.1.2

Zen blue 2.5

GraphPad Prism 7.0

MultiQC 1.9

IMGT® (the international ImMunoGeneTics
information system®)

ARGalaxy (Antigen Receptor Galaxy)

Carl Zeiss AG

BD Biosciences

Carl Zeiss AG

GraphPad Software Inc.

Ewels et al. (2016)
Alamyar et al. (2012)

IJspeert et al., 2017

https://www.micro-shop.zeiss.com/de/
de/system/axiovision+software/software+
axiovision/axiovision+basissoftware/
410130-0909-000
https://www.bdbiosciences.com/en-us/
instruments/research-instruments/research-
software/flow-cytometry-acquisition/

facsdiva-software

https://www.zeiss.de/mikroskopie/produkte/

mikroskopsoftware/zen-lite.html

https://www.graphpad.com/scientific-

software/prism/
www.multigc.info

www.imgt.org

www.bioinf-galaxian.erasmusmc.nl/argalaxy

Other

IIFT: Crithidia luciliae sensitive (anti-dsDNA)
Kallestad HEp-2 Slides

Euroimmun
Bio-Rad

Cat. # FA 1572-1010-1
Cat. # 26103
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RESOURCE AVAILABILITY
Lead contact

The lead contact for further information and requests is Falk Nimmerjahn (falk.nimmerjahn@fau.de).

Materials availability

The study did not generate new unique reagents.

Data and code availability

® All raw data (Raw data BZR repertoire analysis: Mendeley Data: https://doi.org/10.17632/smtxktdtfc.1;
Data Figures and Supplementary Figures: Mendeley Data: https://doi.org/10.17632/gvxjz3twft.1; Raw
Data IgG Glycosylation Part 1.1: Mendeley Data: https://doi.org/10.17632/jygxpd7g7c.1; Raw Data
IgG Glycosylation Part 1.2: Mendeley Data: https://doi.org/10.17632/kjfw7 cwnxf.1; Raw Data IgG Glyco-
sylation Part 2: Mendeley Data: https://doi.org/10.17632/4s9nxvk7br.1) have been deposited at Mende-
ley Data and are publicly available as of the date of publication. Accession numbers are listed in the key
resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Experimental models

BXSB/MpJ mice were purchased from The Jackson Laboratory (Bar Harbor, ME). All mice were held under
specific pathogen-free conditions and in isolated ventilated cages in the animal facilities of the University of
Erlangen, according to state and institutional guidelines and the rules and regulations of the German an-
imal welfare laws.

METHOD DETAILS

In vivo experiments

The anti-CD20-mlgG2c antibody was produced by transient transfection of HEK293T cells with calcium
phosphate transfection followed by purification of the secreted antibody from the culture supernatant
via protein G (see Nimmerjahn et al., 2005). In brief, cells were cultured in DMEM medium supplemented
with 1% Nutridoma SP (Roche), 1% glutamate (c.c. pro) and 1% penicillin-streptomycin (c.c. pro). Cell
culture supernatants were harvested 7 days after transfection and proteins precipitated with ammonium
sulfate precipitation, dialyzed against PBS and purified with protein G beads (Roche). Finally, the isolated
antibody was dialyzed against PBS. An appropriate isotype control was purchased from BioXcell (USA).

To induce short-term B cell depletion, six- to seven-week-old BXSB mice were intravenously injected with
3 ng/g anti-CD20-mIgG2c or isotype control in PBS. Antibody treatment was repeated 3, 7, 14 and 21 days
after the first injection. To determine different serum and blood parameters, mice were bled every one to
two weeks. Serum was stored at -80°C until further use. Thrombocyte count was determined by analyzing
whole blood (1:4 diluted with PBS) via an Advia 120 hematology system (Siemens).

Antibodies and flow cytometry

Spleen, bone marrow and peritoneal cavity flushes were passed through 70 pm cell strainer to obtain single
cell suspension. Blood, spleen, and bone marrow samples underwent hydrophobic red blood cell lysis.
Staining of single cell suspensions of blood, spleen, bone marrow and peritoneal cavity cells was per-
formed in PBS, 2% FCS, 0.02% sodium azide on ice. Before staining, mouse Fc receptors were blocked
with Fc block (clone 2.4G2, 0.5 pg per sample) to reduce unspecific binding to Fc receptors. When FcyRs
were stained no Fc block was used. Data were acquired on a FACS Canto Il (BD Biosciences) and analyzed
with FACS Diva software. Analysis was restricted to viable cells, which were identified by exclusion of nu-
cleic acid binding dye 4’,6-Diamidino-2-phenylindol (DAPI). To exclude cell aggregates from analysis, we
used a gating strategy excluding events with an unproportionally large area of the forward scatter signal
relating to its height. A complete list of antibodies and the gating strategy used to identify different leuko-
cyte populations can be found in the key resources table in STAR Methods section and in Figure S1.
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ELISA

Sera of BXSB mice were collected at different time points and stored at -80°C until further use. For quan-
tification of total serum IgM, IgG and IgA the Mouse IgM, 1gG and IgA ELISA Quantification Kits (Bethyl)
were used according to the manufacturer’s instructions: ELISA plates were coated with 100 ng/well goat
anti-mouse IgM, IgG or IgA in Carbonate/Bicarbonate for 1 h at room temperature. After washing, unspe-
cific binding was blocked with PBS, 1% BSA (200 pl/well) for 30 min at room temperature. Sera were diluted
1:2,500 to 1:15,000 in PBS, 1% BSA (50 pl/well) and incubated for 1 h at room temperature. After adequate
washing, bound IgM, 1gG and IgA antibodies were detected by 1:20,000 diluted (in PBS, 1% BSA) anti-IgM-
HRP, anti-lgG-HRP or anti-IgA-HRP antibody (incubated for 1 h at room temperature, 50 ul/well). For detec-
tion, TMB solution was added and the reaction was stopped with 6% orthophosphoric acid (50 pl/well). OD
was measured with VersaMax tunable microplate reader (Molecular Devices) at 450 and 650 nm.

For the detection of anti-dsDNA antibodies, ELISA plates were coated with 5 pg/ml (50 pl/well) methylated
BSA (Sigma) in PBS for 2 h at room temperature. After washing, the plates were coated with 50 pg/ml calf
thymus DNA (Sigma) in PBS (50 pl/well) at 4°C overnight. Blocking of unspecific binding was performed with
PBS, 0.1% Gelatin, 3% BSA, 1 mM EDTA (200 pl/well). Sera were diluted 1:100 in the blocking solution and
incubated for 1 h at room temperature (50 pl/well). Further detection was performed according to quanti-
tative ELISA.

For detection of RNA-specific autoantibodies, ELISA plates were coated with 30 pg/ml yeast RNA (Roche)
in PBS (50 pl/well) and incubated for 1 h at room temperature. After washing three times with PBS, wells
were blocked with PBS, 1% BSA (200 pl/well) for 30 min. Sera were diluted 1:100 in PBS, 1% BSA (50 wl/
well) and incubated for 1 h at room temperature. Further detection was performed according to quantita-
tive ELISA.

To compare various experiments and individual ELISA plates a reference serum was included on each plate
and arbitrary units (AU) were calculated according to the OD-value of the reference serum of the respective
plate.

Detection of anti-dsDNA antibodies via indirect inmunofluorescence test

Anti-dsDNA antibodies were determined using Crithidia luciliae sensitive slides (Euroimmun). Experiments
were carried out according to the manufacturer’s instructions using serum diluted 1:10 in sample buffer fol-
lowed by detection with a FITC-conjugated anti-mouse IgG antibody (eBioscience). Pooled serum of old
NZB/W mice served as positive, sample buffer alone as a negative control. Slides were mounted with
the included mounting medium and analyzed on a Zeiss Axio Observer system with the Zen blue 2.5
software.

Detection of anti-nuclear antibodies

Autoantibodies specific for nuclear antigens were detected on HEp-2 slides (BioRad). Experiments were
carried out according to the manufacturer’s recommended protocol using serum diluted in PBS at 1:50 fol-
lowed by detection with a FITC-conjugated anti-mouse |gG secondary antibody (eBioscience). Slides were
mounted using Fluoromount imaging medium (Sigma) and analyzed on a Zeiss Axio Observer system with
the Zen blue 2.5 software.

Determination of BAFF serum levels

Serum BAFF levels were quantified by ELISA using the mouse BAFF ELISA Kit (Abcam). Experiments were
carried out according to the manufacturer’s instruction. Serum was diluted 1:20. OD was measured with a
VersaMax tunable microplate reader (Molecular Devices) at 450 and 650 nm.

Immunofluorescence microscopy

5 um sections of frozen tissue were air-dried overnight, followed by fixation in acetone. Slides were blocked
with 5% goat serum in PBS and single stained with either PE-conjugated anti-IlgM, anti-lgG-Fc, anti-lgG2b,
anti-lgG2c or FITC-conjugated anti-C3 antibodies, respectively (For further information see key resources
table in STAR Methods section). After incubation, the excess of fluorescent dye was removed by multiple
washing steps with PBS, slides were mounted using Fluoromount imaging medium (Sigma) and analyzed
on a Zeiss Axio Observer microscope with the Zen blue 2.5 software.
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Proteinuria assay

To evaluate kidney function, blood urea nitrogen levels were quantified in the serum of BXSB mice at the
age of six weeks as well as every two weeks after isotype/anti-CD20 treatment with an enzymatic urea ni-
trogen kit (Teco Diagnostic) according to the manufacturer’s instructions. Volume of serum and reagents
was scaled down to F-bottom microplates (Greiner Bio-One) using 1 pl serum and 150 ul of enzyme reagent
and color developer. OD was measured with VersaMax tunable microplate reader (Molecular Devices) at
630 nm. Percent of mice with a BUN value above 40 mg/dl were calculated and depicted as Kaplan-Meier
curve.

Histological staining

Mouse kidneys were fixed in 10% neutral buffered formalin and kept in 70% ethanol until further use. There-
after, specimens were dehydrated in an ascending ethanol series and embedded in paraffin for subsequent
sectioning into 5 um sections using a Rotary Manual Microtome (Medite). Mouse renal tissue sections were
stained with hematoxylin and eosin (H&E) according to standard practice. Glomeruli size was determined
by AxioVision 4.8 software (Zeiss).

B cell receptor repertoire analysis
BCR receptor repertoire analysis was performed as described by Khan et al. (Khan et al., 2016):

RNA isolation. A single cell suspension of erythrocyte lysed splenic cells was prepared and the RNA ex-
tracted using the RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s protocol. RNA concentra-
tion and quality were determined on a Nanodrop 2000 Spectrophotometer.

cDNA synthesis. Next, first-strand cDNA was synthesized with SCRIPTUM FIRST cDNA synthesis Kit
(Bio&Sell) using 200 — 1000 ng total RNA and 20pMol immunoglobulin specific primers (TAK_402,
TAK_403, TAK_IgM, TAK_IgA) following the manufacturer’s instruction. TAK 402 binds a conserved
portion of mouse IgG1, 1gG2a, IgG2b, and IgG2c. TAK_403, TAK_IgM and TAK_IgA binds to mouse
19G3, IgM and IgA, respectively. Sequences for individual primers are shown in Table 1. After cDNA syn-
thesis, samples were subjected to a bead cleanup (AMPure XP Beads, Beckman Coulter) at 1.0x, incorpo-
rating an extra ethanol wash step, followed by elution into elution buffer (Qiagen).

Multiplex PCR.  Thereafter, multiplex PCR was performed: Reaction mixtures consisted of cDNA, 500 nM
multiplex primer mix (TAK_562, TAK_564, TAK_568, TAK_575, TAK_582 to TAK_591, TAK_612, see Table 2),
500 nM 3’ lllumina adapter-specific primer (TAK_423) and 1x KAPA HIFI HotStart Uracil+ ReadyMix (KAPA
Biosystems). The Uracil+ version enabled efficient high-fidelity amplification of TAK multiplex primer set
that had deoxyinosines. Thermocycling was performed as follows: 95°C for 2 min; 9 cycles of 98°C for 20
s, 60°C for 45s, 72°C for 70's; 72°C for 5 min; and 4°C indefinitely. PCR reactions were then bead cleaned
two times at 0.65x and eluted with elution buffer.

Adapter extension PCR.  As last step, individual samples were barcoded with two individual illumina in-
dex primer i5 and i7 from the Nextera XT Index Kit v2 with Q5® High-Fidelity PCR Kit (New England Bio-
labs). Thermocycling was performed as follows: 94°C for 3 min; 23 cycles of 94°C for 60's, 55°C for 60's, 72°C
for 60's; 72°C for 10 min; and 4°C indefinitely. The PCR amplifications were separated with a 1.5% agarose
gel and equimolar amounts of samples were pooled. Pooled samples were again cleaned once with beads
at 0.8x and eluted with ddH,O.

Next generation sequencing. NGS was performed by Dr. Arif Bilent Ekici (Department of Human
Genetics, Erlangen) on the Illumina MiSeq platform using a pair of overlapping paired-end reads
(2x300 bp). 20% PhiX was added for improved performance. Paired-end reads were merged with the
IgRepertoireConstructor (Safonova et al., 2015). Read Quality was ensured by FASTQC quality analysis
by MultiQC (Ewels et al., 2016).

PCR error correction. Molecular amplification fingerprinting (MAF) error correction was achieved with
unique molecular identifiers (UMI) as part of the cDNA synthesis and Multiplex Primers. PCR sequencing
errors were corrected by pattern matching and filtering sequences containing both UMIS and correcting
sequencing errors without introducing bias to read counts.
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Analysis of B cell receptor rearrangement. Sequences were separated according to the individual
immunoglobulin specific primers (TAK_402, TAK_403, TAK_IgM, TAK_IgA) and VDJ annotation was con-
ducted with the IMGT/HighV-QUEST service (Alamyar et al., 2012). Sequences using the IgM, 1gG1/2 or
IgA specific primer were further analyzed with ARGalaxy immune receptor pipeline (lJspeert et al,
2017). Data of individual mice per group were summarized and presented as bar graphs or depicted as cir-
cos plots of individual mice for VDJ recombination. Raw data can be found on Mendeley Data (Mendeley
Data: https://doi.org/10.17632/smtxktdtfc.1). For primer sequences see Tables 1 and 2.

Glycan analysis

IgG isolation from serum samples. 1gG was isolated from 45-180 pl of mouse serum on Fast Flow Pro-
tein G Agarose beads (Merck Millipore) as follows. Protein G Agarose slurry was prewashed three times
with 5x volume of 1x phosphate buffer saline (PBS, pH 7.4, prepared in house from analysis grade reagents)
as follows: the beads in 1x PBS were centrifuged for 10 s at 150 g and supernatant was removed by pipet-
ting. Beads were then diluted to a final volume with 1x PBS. Serum samples were diluted 1:7 v/v with 1x PBS
in a 96-deep-well collection plate. The sample layout on the plates was determined by block randomization
to distribute samples taken at two time points, from female and male animals treated with anti-CD20-spe-
cific antibody or isotype control, evenly across the columns and rows of the plate. Each plate design
included one negative control, standards and duplicates to ensure quality control.

To each serum sample 100 pl of Fast Flow Protein G Agarose beads in 1x PBS (pH 7.4) was added. Samples
were then incubated for 3 h at room temperature with shaking at 900 rom. Samples were additionally re-
suspended by pipetting every 45 min during incubation. In the meantime, a 96-well AcroPrep Advance
0.2 pm hydrophilic polypropylene (GHP) filter plate (Pall Corporation) was preconditioned by
washing with 200 pl of 70% v/v EtOH per well, followed with 200 ul of ultra-pure water per well, and finally
with 300 pl of 1x PBS per well. Flow through was removed by vacuum. After incubation, the samples with
beads were applied to the GHP plate and the liquid was removed with vacuum. Then the samples were
washed three times with 300 pl of 1x PBS, and three times with 300 ul of ultra-pure water, liquid removed
by vacuum.

After last wash, 100 pl of 0.1 M formic acid was added to each sample and the plate with samples was incu-
bated at a shaker for 15 min. Then IgG was eluted by vacuum into a clean 96-well collection plate with 17 pl
of 1 M ammonium bicarbonate per sample for neutralization.

Analysis of IgG Fc-linked N-glycosylation with nano-liquid chromatography-electrospray ionization-
mass spectrometry (nano-LC-ESI-MS).  Sample preparation and nano-LC-ESI-MS analysis were per-
formed as described previously (Pezer et al., 2016; Zaytseva et al., 2018). In brief, 15-25 ug of the isolated
19G was digested with sequencing grade trypsin (Promega Corp.), desalted with reverse-phase solid phase
extraction (RP-SPE) on Chromabond C18 ec beads (Macherey-Nagel) and analyzed on a nanoACQUITY
UPLC system (Waters) coupled to a Compact mass spectrometer (Bruker Daltonics). Tryptic glycopeptides
corresponding to the Fcregion of IgG were separated by LC in the gradient of 80% (v/v) acetonitrile (ACN,
LC-MS purity, JT Baker, ThermoFischer Scientific) in 0.1% (v/v) trifluoroacetic acid (TFA, HPLC purity,
Sigma-Aldrich) on a Halo C18 nano-LC column (150 mm x 100 pm i.d., 2.7 um fused core particles,
Advanced Materials Technology) and mass spectra were recorded in positive ion mode. Separation be-
tween tryptic glycopeptides corresponding to 1gG2c and IgG2b subclasses was not achieved with this
method and the respective N-glycoforms were quantified together. MS data was extracted using
LaCyTools v1.0.1 b.7 software as described previously (Zaytseva et al., 2018). Values obtained for N-glyco-
peptide abundance were normalized to the total integrated area per each IgG subclass. Batch correction
was performed on the log-transformed values using the ComBat method (R package “sva”, R version 4.0.3)
to remove possible experimental variation due to batch effects. Following data extraction, derived traits
that describe the abundances of specific N-glycan types in the Fc-linked N-glycome of mouse IgG were
calculated as follows: GO — sum of abundances of N-glycan structures without antennary galactose resi-
dues, G1 - sum of abundances of N-glycan structures with one antennary galactose residue, without sialic
acid; G2 - sum of abundances of N-glycan structures with two antennary galactose residues, without sialic
acid; Sialylation - sum of abundances of N-glycan structures with one or two antennary sialic acid residues.
Raw data can be found on Mendeley Data (https://doi.org/10.17632/jygxpd7g7c.1, https://doi.org/10.
17632/kjfw7cwnxf.1, https://doi.org/10.17632/4s9nxvk7br.1)
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If not stated otherwise in the figure legend data are presented as follows: data are expressed as mean +
standard deviation. Data were analyzed and plotted with GraphPad Prism 7.0 software (GraphPad Software
Inc., San Diego, CA). Outliers were removed by ROUT method. Normal distribution was tested with a Sha-
piro-Wilk normality test. Normally distributed data were analyzed by ordinary one-way ANOVA followed by
Holm-Sidak’s multiple comparison test. Non-parametric distribution was tested using Kruskal-Wallis test
with Dunn’s post hoc test. Differences in survival and % BUN > 40 mg/dl were analyzed with Kaplan-Meier
estimates, and groups were compared with the log-rank test. p < 0.05 was considered significant. n repre-
sents individual mice.
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