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Abstract: The natural autoantibody (natAAb) network is thought to play a role in immune regulation.
These IgM antibodies react with evolutionary conserved antigens; however, they do not lead to
pathological tissue destruction as opposed to pathological autoantibodies (pathAAb). The exact
relation between the natAAbs and pathAAbs is still not completely understood; therefore, in the
present study, we set out to measure nat- and pathAAb levels against three conserved antigens in
a spontaneous autoimmune disease model: the NZB mouse strain which develops autoimmune
hemolytic anemia (AIHA) from six months of age. There was an age dependent increase in the
natAAb levels in the serum against Hsp60, Hsp70, and the mitochondrial citrate synthase until 6–9
months of age, followed by a gradual decrease. The pathological autoantibodies appeared after six
months of age, which corresponded with the appearance of the autoimmune disease. The changes in
nat/pathAAb levels were coupled with decreasing B1- and increasing plasma cell and memory B cell
percentages. Based on this, we propose that there is a switch from natAAbs towards pathAAbs in
aged NZB mice.

Keywords: natural autoantibody; pathological autoantibody; autoimmune disease

1. Introduction

The most important function of the immune system is distinguishing self- from
non-self (foreign) structures, thereby providing a physiological balance of tolerance- and
elimination-type responses. Although in the past decades our knowledge has substantially
increased about tolerance mechanisms, some aspects still remain obscure. A complex net-
work of cellular and molecular mechanisms is responsible for self-tolerance, starting from
the rigorous selection processes of the T- and B lymphocyte precursors which avoid the
exit of autoreactive cells from the primary lymphatic organs, complemented by the Tregs
and Bregs, and tolerogenic dendritic cells (DCs) in the periphery [1]. On the molecular side,
suppressive cytokines such as IL-10 and TGFβ are key elements, and work together with
the natural (auto)antibody network [2].

Earlier, autoantibodies were thought to be the hallmark of autoimmune diseases. How-
ever, our knowledge on autoantibodies has changed fundamentally due to the recognition
of the natural/physiological IgM autoantibodies which are found in healthy individuals
without prior immunization and do not cause pathological tissue damage [3]. They react
with a number of genetically and evolutionarily conserved antigens (for example heat
shock proteins, cytoskeleton components, cell nuclear structures, mitochondrial enzymes,
serum components, etc.); based on this, the “immunological homunculus” or “immunculus”
hypothesis was suggested, implying that the network of these natural autoantibodies might
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play an important role in immune regulation [4]. Despite increasing knowledge about nat-
ural autoantibodies, there is still no direct evidence whether changes in their composition
or concentration might play a role in the development of autoimmune diseases.

Special B cell subsets such as the B1- and marginal zone (MZ) B cells are thought
to be the source of low-affinity polyreactive antibodies, mainly those of the IgM isotype,
termed natural antibodies (natAbs) [4–6]. In mice, B1 cells mainly reside in pleural- and
peritoneal cavities, and are responsible for the production of approximately 80% of IgM
antibodies [7,8]. B1 cells are long-lived and have a self-renewing capacity, and they are sub-
divided into B1a and B1b subsets based on their CD5 expression [3,5,6]. Upon stimulation,
B1 cells are able to migrate from peritoneal cavities to the spleen and lymph nodes, and
subsequently differentiate into natAb IgM-secreting cells [4,7]. NatAbs are involved in mul-
tiple immunological functions such as the initiation of apoptosis, complement activation,
FcR-mediated activation, antigen opsonisation, and allograft rejection [4].

A substantial part of natAbs is directed against self-antigens, and these antibodies
are called natural autoantibodies (natAAbs) [7,9]. NatAAbs may interact with altered self-
antigens and neo-antigens derived from senescent, apoptotic, and necrotic cells, facilitating
their removal by phagocytosis [4,9]. Therefore, natAAbs play important roles in tissue
homeostasis, and they are essential in protection from the development of autoimmune dis-
eases [7,8,10]. Several studies reported that mice deficient in serum IgM have an increased
level of pathogenic IgG autoantibodies [7,11–13].

Mouse models are essential tools in studying autoimmune diseases. Similarities of
these animal models to humans provide insights in understanding the disease’s pathogen-
esis, and allow the testing of the safety and efficacy of candidate therapies [5,6]. Sponta-
neous autoimmune mouse models, for example, the NZB strain, may develop autoimmune
hemolytic anemia (AIHA) at various frequencies from the age of six months [7], while
the first generation (F1) after crossing with the NZW strain (BW/F1) tend to develop an
SLE-like condition between the ages of six and nine months, accompanied with a decreased
level of IgM and an increase in anti-DNA IgG [8,10]. Interestingly, some NZB mice after
12 months of age developed a splenic lymphoma, too.

In this study, we characterized the age-dependent changes of the serum natural (nat)
and pathological (path) autoantibody (AAb) levels in NZB mice, a model for autoimmune
hemolytic anemia. We measured the serum natIgM against evolutionarily conserved
antigens: Hsp60 [9], Hsp70 [11], and the mitochondrial citrate synthase (CS) [12]. We show
that the level of natIgM AAbs changed in the sera of NZB mice with age and there was
a shift towards pathological autoantibodies from the age of 6–9 months. These results
confirm that the natural antibody network might indeed play a role in the regulation of
autoimmunity.

2. Results
2.1. Pathological Autoantibody Levels Correlate with the Development of Autoimmune Hemolytic
Anemia

From five to six months of age, NZB mice start to develop AIHA. To follow the
characteristic laboratory serum marker for this disease, first, we measured serum anti-
RBC antibodies (Coombs test) from the different age groups of NZB mice (Figure 1A).
As expected, the percentage of Coombs positive mice was elevated markedly after six
months of age, corresponding to the time when pathological autoimmunity develops
(Figure 1A). In addition, we also measured the ANA levels, another potential biomarker
for systemic autoimmunity (Figure 1B). Similarly to the Coombs test, the ANA levels rose
from six months of age (Figure 1B). Finally, we also measured the anti-dsDNA—specific
autoantibody levels which showed a somewhat delayed but significant elevation in mice
from nine months of age (Figure 1C).
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at different ages from the sera of NZB mice (1 month (blue) n = 5, 3 months (orange) n = 4, 6 months 

(grey) n = 5, 9 months n = 6 (yellow), >12 months n = 8 (green)). (C) Anti-dsDNA antibody levels 

were determined at different ages from the sera of NZB mice (1 month (blue) n = 5, 3 months (orange) 

n = 4, 6 months (grey) n = 5, 9 months n = 6 (yellow), >12 months n = 8 (green)). The box (representing 

the 25–75% interquartile range wherein the median and average values are indicated with a hori-

zontal line and “x”, respectively) and whiskers (representing the minimum/maximum values) plots 

show the optical density (O.D.) data from different age groups. Statistically significant differences 

(Mann–Whitney test) are indicated (* p < 0.05, ** p < 0.01). 
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Figure 2. Age-dependent changes in the natAAb levels in the sera of NZB mice. NZB mice at differ-

ent ages (1 month (blue) n = 5, 3 months (orange) n = 4, 6 months (grey) n = 5, 9 months n = 6 yellow), 

>12 months n = 8 (green)) were sacrificed, their sera were collected, and the natural IgM levels 

Figure 1. Age-related changes in the pathological autoantibody levels of NZB mice. (A) Anti-RBC
Ab levels were determined with Coombs test using the sera from NZB mice at different ages. Plot
shows the percentage of Coombs positive sera in each age group. (B) ANA levels were determined at
different ages from the sera of NZB mice (1 month (blue) n = 5, 3 months (orange) n = 4, 6 months
(grey) n = 5, 9 months n = 6 (yellow), >12 months n = 8 (green)). (C) Anti-dsDNA antibody levels
were determined at different ages from the sera of NZB mice (1 month (blue) n = 5, 3 months
(orange) n = 4, 6 months (grey) n = 5, 9 months n = 6 (yellow), >12 months n = 8 (green)). The box
(representing the 25–75% interquartile range wherein the median and average values are indicated
with a horizontal line and “x”, respectively) and whiskers (representing the minimum/maximum
values) plots show the optical density (O.D.) data from different age groups. Statistically significant
differences (Mann–Whitney test) are indicated (* p < 0.05, ** p < 0.01).

2.2. Age-Dependent Changes in the Natural Autoantibody Levels of NZB Mice

Next, we addressed the question of whether changes in the natAAb network might be
present during the development of autoimmune disease in NZB mice; so, we measured
some serum natIgM levels (Figure 2). We followed the changes in the natAAb levels
against Hsp60, Hsp70, and CS at different ages (Figure 2A,B and C, respectively). We
chose these three autoantigens because they have already been shown to be recognized by
natAAbs [9,11,12]. The levels of serum natIgM Abs against the three analyzed conserved
autoantigens were lowest in the one-month-old NZB mice, showing a gradual significant
increase up to 6–9 months of age, followed by a marked (but not significant) decrease in
older mice (Figure 2A–C).

Since the natIgM autoantibodies are thought to form a network [4] in the serum, and
we have seen similar age-related changes in the levels of natIgM against the three different
antigens in the NZB strain (Figure 2A–C), we next analyzed the correlation among the
levels of individual-specific natIgM antibodies (Figure 2D–F, Table 1). We found significant
strong (R > 0.4) positive correlations among the natIgM levels against Hsp60, Hsp70, or the
CS antigens in the sera of NZB mice (Figure 2D–F, Table 1).

Correlation analysis of the natIgM and pathAAb levels showed a significant positive
correlation between the ANA levels and natIgM reacting with Hsp60, Hsp70, and CS
(Table 2). We also found significant positive correlations between the anti-dsDNA and the
CS natIgM levels. In contrast, Coombs positivity did not show such s strong correlation
with the natIgM levels (Table 2). As expected, the correlation of ANA and anti-dsDNA
levels was strong and significant (Table 2).
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Figure 2. Age-dependent changes in the natAAb levels in the sera of NZB mice. NZB mice at different
ages (1 month (blue) n = 5, 3 months (orange) n = 4, 6 months (grey) n = 5, 9 months n = 6 yellow),
>12 months n = 8 (green)) were sacrificed, their sera were collected, and the natural IgM levels against
Hsp60 (A), Hsp70 (B), and CS (C) were measured with indirect ELISA. The box (representing the
25–75% interquartile range wherein the median and average values are indicated with a horizontal
line and “x”, respectively) and whiskers (representing the minimum/maximum values) plots show
the optical density (O.D.) data from different age groups. Statistically significant differences (Mann–
Whitney test) are indicated (* p < 0.05, ** p < 0.01). Scatter plots show the correlations for the Hsp-60
vs. Hsp70 (D), CS vs. Hsp60 (E) or CS vs. Hsp70 IgM (F) O.D. values. Mathematical formulas
describing the correlations are indicated on each panel.

Table 1. Correlations among the measured natIgM Ab levels in the sera of NZB mice.

Hsp60 Hsp70 CS

Hsp60 1 0.465 * 0.521 **
Hsp70 0.465 * 1 0.923 **

CS 0.521 ** 0.923 ** 1
Values show the Pearson’s correlation coefficient (R) calculated based on the O.D. data of serum natural IgM
antibody levels. R > 0 or R < 0 indicate positive or negative correlations, R values closer to 1 or −1 indicate a
stronger correlation. Significant correlations are indicated (* p ≤ 0.05 or ** p ≤ 0.01). Corresponding correlation
scatter plots are shown in Figure S1. The antigens recognized by natural IgM antibodies are bold.

Table 2. Correlations among the measured natIgM and the pathological Ab levels in the sera of
NZB mice.

Hsp60 Hsp70 CS ANA Anti-
dsDNA Coombs

ANA 0.466 * 0.563 * 0.667 ** 1 0.689 ** 0.125
anti-dsDNA 0.226 0.281 0.472 * 0.689 ** 1 0.151

Coombs −0.012 0.205 0.151 0.125 0.151 1
Values show the Pearson’s correlation coefficient (R) calculated based on the O.D. data of serum natural IgM
antibody levels. Note, in the case of the Coombs test, we converted the positive or negative results into numerical
values 1 or 0, respectively. R > 0 or R < 0 indicated positive or negative correlation, and R values closer to 1 or −1
indicated a stronger correlation. Significant correlations are indicated (* p ≤ 0.05 or ** p ≤ 0.01). The antigens
recognized by natural- and pathological antibodies are bold.

2.3. Age-Dependent Changes of B Cell Composition in the Spleen of NZB Mice

After having seen the age-related changes in the pathological and natural autoantibody
levels in the NZB strain, we were curious how the B cell subpopulations correlated with all
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this. First of all, we analyzed the spleen, since in NZB mice it is suspected to be connected
to the development of autoimmune hemolytic disease (Figures 3 and S1). The percentage
of B cells increased from one month to six months of age significantly (p < 0.05), but started
to decline after that, and in mice older than 12 months there were significantly less B cells
than in mice between one and six months of age (Figure 3A). A more detailed analysis
showed that both the follicular (IgDhighIgMlow) and non-follicular (IgDlowIgMhigh) B cell
ratio declined with age; however, the follicular B cell population showed a more prominent
drop (Figure 3B,C). The non-follicular (IgDlowIgMhigh) B cells in the spleen represent a
mixture of B1-, marginal zone, and transitional B cells. Since B1 cells are thought to produce
natural autoantibodies, we analyzed their ratios in the different age groups, but did not find
any significant alterations in either the IgMhighCD43+CD5+ B1a- or the IgMhighCD43+CD5-

B1b cells (Figure 3D,E). In contrast to the decrease in total B cell percentage, the ratio of
plasma cells (Figure 3F) and memory B cells (Figure 3G) increased in older mice.
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Figure 3. Age-dependent changes of the B cell subpopulations in the spleen of NZB mice. NZB mice
at different ages (1 month (blue) n = 5, 3 months (orange) n = 4, 6 months (grey) n = 5, 9 months
n = 6 (yellow), >12 months n = 8 (green)) were sacrificed and their spleen cell composition was
analyzed using flow cytometry. We determined the percentages of total B cells (B220+ cells) (A), the
follicular B cells (IgDhighIgMlowCD23+) (B), the non-follicular B cells (IgDlowIgMhighCD23−) (C), the
B1a cells (IgMhighCD43+CD5+) (D), the B1b (IgMhighCD43+CD5−) (E), the plasma cells (B220low,
CD138+) (F), and the memory B cells (B220low, CD38+CD73+ ) (G). Corresponding representative
flow cytometry data from each age group are shown on Figure S1. The box (representing the 25–75%
interquartile range wherein the median and average values were indicated with a horizontal line
and “x”, respectively) and whiskers (representing the minimum/maximum values) plots show the
percentages of the cell populations from different age groups. Statistically significant differences
(Mann–Whitney test) are indicated (* p < 0.05, ** p < 0.01, *** p < 0.005).
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2.4. Age-Dependent Changes of B Cell Composition in the Peritoneum of NZB Mice

Finally, we analyzed the peritoneal cells of the NZB mice at different ages, because the
peritoneal cavity is thought to be particularly rich in B1 cells. The total B cell percentage
showed only minor variations between one and nine months of age, but decreased after
12 months (Figure 4A). We saw a continuous decline in the follicular B cell population with
age (Figure 4B), whereas the non-follicular B cell percentage decreased significantly only in
mice after 12 months (Figure 4C). A more detailed analysis of the non-follicular population
revealed that the IgMhighCD43+CD5+ B1a cells showed a continuous decrease with age
(Figure 4D), whereas the percentage of B1b cells was more stable over time (Figure 4E).
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Figure 4. Age-dependent changes of the B cell subpopulations in the peritoneal lavage fluid (PLF) of
NZB mice. NZB mice at different ages (1 month (blue) n = 5, 3 months (orange) n = 4, 6 months (grey)
n = 5, 9 months n = 6 (yellow), >12 months n = 8 (green)) were sacrificed and their peritoneal cavity
was washed with PBS, and the PLF cell composition was analyzed using flow cytometry. We deter-
mined the percentages of total B cells (B220+ cells) (A), the follicular B cells (IgDhighIgMlowCD23+)
(B), the non-follicular B cells (IgDlowIgMhighCD23−) (C), the B1a cells (IgMhighCD43+CD5+) (D),
and the B1b (IgMhighCD43+CD5−) cells (E). The box (representing the 25–75% interquartile range
wherein the median and average values are indicated with a horizontal line and “x”, respectively)
and whiskers (representing the minimum/maximum values) plots show the percentages of the cell
populations from different age groups. Statistically significant differences (Mann–Whitney test) are
indicated (* p < 0.05, ** p < 0.01).

3. Discussion

NatAbs, predominantly of the IgM isotype, are produced by B1 and marginal zone
B cells, without immunological stimulation and independently from T cells [13–15]. IgM-
natAbs provide a crucial early protection against infections before establishing the adaptive
immune response [16,17]. IgM-natAbs are always of low-binding affinity and can bind
foreign antigens as well as self-antigens [16,18]. The self-antigen-binding IgM-natAbs make
up approximately 80% of the total natural antibodies, which can also be referred to as
natAAbs [16]. NatAAbs play an important role in the clearance of senescent, apoptotic,
and necrotic cells, tumors, and altered self-antigens [16,18,19]. Moreover, IgM-natAbs
play a crucial regulatory role in the prevention of autoimmune diseases through avoiding
excessive inflammatory immune response, maintaining B cell homeostasis, clearance of
damage associated molecular patterns (DAMPs) such as dsDNA, and also the binding
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of pathogenic IgG autoantibodies as part of their regulatory function [19–22]. Despite
increasing knowledge about natAbs, we are still far from a complete understanding of their
potential role in autoimmune disease(s).

In the present study, we measured the natAAb levels against Hsp60, Hsp70, and CS
antigens because it has been verified earlier that they are recognized by natAb-s. Hsp60-
and Hsp70-specific IgM antibodies were described in human cord blood samples [23].
Interestingly, their elevated levels were reported in type I diabetes [24], arthritis [25], and
atherosclerosis [26]. Thus, natAbs recognizing these Hsp molecules are related to both
the natural and pathological sides of autoimmunity [27]. The mitochondrial CS was also
suggested to be an evolutionarily conserved antigen recognized by natAbs [12]. Moreover,
a fine epitope mapping study using phage display revealed that different epitopes of the
CS are recognized under physiological and pathological conditions [28].

AIHA is an antibody-mediated uncommon immune disorder, where autoantibodies
attack and destroy erythrocytes, leading to uncompensated erythrocytes loss [29,30]. Al-
though they show individual variation, NZB mice are the traditionally studied models for
spontaneous AIHA [31]. Although the NZB mouse model has been known for decades,
spontaneous AIHA and the following lymphoma development are not yet elucidated, and
serum natAb levels have been only partially characterized [32]. In the present study, we
report that the serum natAb levels showed changes during aging of NZB mice; first, there
was a marked increase in the natAb levels until 6–9 months of age followed by a decrease
in older mice. Meanwhile, at around six months of age, the level of pathological autoanti-
bodies started to increase which correlated well with the spontaneous development of the
AIHA. Changes in the B cell subpopulations corresponded to changes in the autoantibody
levels; the natural autoantibody producing B1 cell percentage decreased in older mice,
while the plasma cells and the memory B cells, which could be responsible for pathological
autoantibody production, increased in aged mice. Similarly decreased B1 cell percentage in
the spleen was also found in BALB/c mice during aging [33]. We propose that the shift
from the natural autoantibodies towards the pathological autoantibodies, which occurred
after six months of age, could contribute to the NZB phenotype. Moreover, the levels of
natAAbs remained relatively high even after six months of age, suggesting their possible
compensatory role, but they could not protect the mice from the autoimmune disease.

We found no other study where the natAb levels against Hsp60 or Hsp70 were fol-
lowed systematically over time either in humans or mice. In case of the CS, IgM-type
antibodies showed relatively constant levels in 53 healthy blood donors followed over a
five year period and measured at three occasions [12]. However, even this latter report
is restricted to a relatively short period [12], when compared to our study here, where
we followed the natAb levels from early life (one month of age) to senescence (more than
12 months of age). In a previous study in NZB mice, natAb levels against actin, myosin,
myoglobin, tubulin, spectrin, and DNA had been followed at different ages [32], showing
similar changes to our results here: a gradual increase over time in the nat IgM levels
replaced by IgG after 10–12 months of age.

The F1 hybrids of the NZB and the NZW strain are known for the spontaneous
development of an SLE-like pathology. Systemic lupus erythematosus (SLE) is a heteroge-
neous autoimmune disease characterized by immune complexes deposition, inflammation
and tissue damage, and the inefficient clearance of apoptotic cells [34–36]. This leads
to the production of autoantibodies against cellular and nuclear components, such as
antinuclear autoantibodies (ANA) including anti-ds-DNA, anti-Smith, and anti-histone
antibodies [8,34,36]. The BW/F1 mice developed a similar pathology from six months of
age [37]. Interestingly, we measured elevated levels of the ANA and anti-dsDNA autoanti-
bodies in the older NZB mice, too. Although the NZB mice had a significantly longer life
expectancy than the BW/F1 mice based on our own observations (15–16 months vs. 9–11
months, respectively) in some cases they also developed kidney disease, which might be
due to this latent lupus-like phenotype.
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The age-related variations of the natAAb network in the NZB model presented here
draws the attention to the importance of individual natAAb composition in humans.
Susceptibility to autoimmune diseases is based on several factors (MHC genes, life-style,
infections, microbiota, etc.). Perhaps added to these factors, the natAAb network should
also be considered in the future.

4. Materials and Methods
4.1. Mice and Collection of the Sera

We used female NZB mice (founders purchased from Charles River Germany) at
different ages for our studies (Table 3). Mice were kept under SPF conditions at 24 ± 2 ◦C
with a controlled 12/12 h light/dark cycle, at the Department of Immunology and Biotech-
nology’s Transgenic Mouse Facility. The mice were housed in groups of five and received
acidified water and food ad libitum. All animal experiments were conducted following the
University of Pécs’s Animal Welfare Committee regulations.

Table 3. Experimental mouse groups used in the study.

Age Range 1 Average Age 1 Number

1–1.1 1.04 5
3–3.3 3.2 4
6–6.7 6.14 5

8.6–9.4 9 6
11.6–17.2 14 8

1 Age range and average age values are expressed in months.

After sacrificing the mice, we collected part of their blood with heparin for Coomb’s
test, and the rest without heparin for the isolation of serum which was stored at −80 ◦C
until use.

4.2. Antibodies and Reagents

All chemicals were purchased from Sigma-Aldrich unless otherwise stated.
For flow cytometry we used the following: washing buffer, PBS containing 0.1%

NaN3; staining buffer, PBS containing 0.1% BSA and 0.1% NaN3; and fixation buffer, PBS
containing 0.1% paraformaldehyde [38].

For ELISA we used the following: 0.1 M Na2CO3/NaHCO3 carbonate (pH: 9.4)
coating buffer; PBS containing 1% non-fat dry milk blocking buffer; and PBS containing
0.1% Tween-20 washing buffer [38].

The following monoclonal antibodies were used for flow cytometry: anti-CD38-PE,
anti-CD73-Alexa Fluor 647, anti-IgD-FITC, anti-IgM-PerCP-Cy5.5, anti-CD138-APC-R700,
anti-B220-PE-Cy7, and CD23-BV421, all from BD Bioscience (San Jose, CA, USA). For ELISA,
HRP rat anti-mouse IgM (BD Bioscience) was used [38].

4.3. Coombs Test

For the direct Coomb’s test [39], we collected the blood in tubes containing 100 µL
of heparin. The samples were kept at RT for at least 4 h. We centrifuged the samples for
10 min on 4 ◦C with 1000 g. The supernatant was removed and the red blood cells (RBC)
were washed in 750 µL of PBS containing 1% BSA 3 times. The RBC pellet was resuspended
in PBS containing 1% BSA at a 100-fold dilution. Goat anti-mouse IgG 2a antibody was
diluted 40-fold in PBS containing 0.1% BSA and 0.1% NaN3. Equal volumes (50 µL) from
the RBC suspension and the antibody solution were mixed in a 96-well U-shaped bottom
test plate per well and incubated for one hour at RT in duplicates. Finally, the wells were
evaluated for agglutination and were photodocumented.
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4.4. ELISA

We measured the serum natural autoantibody IgM levels against Hsp60, Hsp70, and
CS using indirect ELISA [12,40]. Briefly, we coated Nunc Maxisorb ELISA plates with 5 µg
of recombinant Hsp60, -Hsp70, or citrate-synthase in carbonate coating buffer overnight at
4 ◦C. After the coating, plates were washed 4 times and blocked for 1 h at RT followed by
washing 4 times again. The sera were added at a 1:100 dilution and incubated for 2 h at
37 ◦C. Next, we washed the plates 4 times, before adding the secondary PO-conjugated
anti-mouse IgM at a 1:1000 dilution in PBS and incubated for 1 h at RT. The color reaction
was developed with the addition of OPD substrate solution, which was stopped with
sulfuric acid after 20 min. Optical density values were read at 492 nm with the iEMS reader
(MF Thermo Labsystems, Philadelphia, PA, USA).

ANA antibodies were measured using the QANTA Lite ELISA Kit (Inova Diagnostics,
San Diego, CA, USA) according to the manufacturer’s instructions, with slight modifi-
cations. The reaction was developed using peroxidase-conjugated anti-mouse-IgG1 (BD
Bioscience, San Jose, CA, USA) as secondary antibodies [38].

4.5. Flow Cytometry

After sacrifice, we rinsed the peritoneal cavity of the mice with ice cold PBS and then
collected the spleens. Peritoneal lavage fluid (PLF) was centrifuged to collect the cells,
the spleens were homogenized using a mesh and hemolyzed. Briefly, 106 cells/sample
were washed twice with flow cytometry washing buffer and then incubated with different
cocktails of fluorochrome-conjugated monoclonal antibodies diluted in flow cytometry
staining buffer for 30 min, at RT in the dark. Finally, the samples were washed twice and
resuspended in a flow cytometry fixation buffer. Data acquisition was performed using
a FACS Canto II flow cytometer and FACS DIVA software (Version 6.1.3, BD Biosciences)
for data analysis. We defined the following cell subsets based on surface markers. B220+:
B cells; IgDhighIgMlowCD23+: follicular B cells; IgDlowIgMhighCD23−: non-follicular (B1-
and marginal zone) B cells; IgMhighCD43+CD5+: B1a cells; IgMhighCD43+CD5−: B1b cells;
B220lowCD73+CD38+: memory B cells; B220lowCD138+: plasma cells [38].

4.6. Statistical Analyisis

Data analysis was performed using MS Excel version 16.72 and GraphPad Prism
version 5.03 software. Data in the box and whiskers plots are presented as the 25–75%
interquartile range (the median and average values are indicated with a horizontal line
and “x”, respectively) and the minimum/maximum values, respectively. An ANOVA test
was used to compare the experimental groups using Dunnett’s post hoc test with unequal
variances, and p-values ≤ 0.05 were considered statistically significant. For correlation
analyses, Pearson’s correlation coefficients (R) were calculated, where p-values ≤ 0.05 were
considered statistically significant. For comparing the two groups, the Mann–Whitney test
was used, and p-values ≤ 0.05 were considered statistically significant.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms24129809/s1.
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