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Abstract
Long-lived plasma cells (PCs) residing in the bone marrow (BM) are important producers of protective antibodies. However,
when reacting against self-antigens, these PCs produce autoantibodies that contribute to progression of autoimmune diseases
such as Sjögren’s syndrome (SS). By using a murine model of primary SS, the NOD.B10.H2b mice, we characterized
phenotype and generation of PCs at different stages of the pSS disease progression. In general, the PC population found in the
NOD.B10.H2b mice expressed high amounts of MHCII, IgG, and BrdU. We further demonstrate the presence of both short-
and long-lived PCs in autoimmune spleen and in autoimmune BM. A long-lived PC subset was also found in the spleen and
BM of non-autoimmune BALB/c mice, which have not been treated with any immunological agent. Quantitative investigation
of splenic and BM PCs revealed that in the NOD.B10.H2 mice, splenic PCs migrate not only to the BM but possibly also to
the sites of inflammation. Finally, BM in the aged NOD.B10.H2b mice (40-week-old) presented significantly higher
quantities of long-lived PCs than BM of BALB/c mice.
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Introduction

A range of autoimmune diseases such as Sjögren’s

syndrome (SS), rheumatoid arthritis, and systemic

lupus erythematosus (SLE) are characterized by the

production of systemic and organ-specific autoanti-

bodies [1–3]. Circulating autoantibodies have, there-

fore, a central role in today’s diagnosis of these

diseases. The importance of B cells in the pathogen-

esis of autoimmunity and in the production of

autoantibodies has resulted in the development of

therapies based on targeting B cells and early plasma

cells (PCs) [4,5]. Such therapies are, however,

insufficient in altering the long-lived PC pool, and

there is still a persistent autoantibody production in

autoimmune patients after treatment [6–9]. The

effect of these autoantibodies and the involvement of

long-lived PCs in autoimmune diseases are still not

fully understood. However, the existence and contri-

bution of long-lived PCs to the progression of

autoimmunity have been determined to some degree

in murine models of SLE [10]. In light of these

findings, long-lived PCs should be characterized in

more detail and taken into consideration when

designing new therapies for autoimmune diseases.

Long-lived PCs are primarily located in the bone

marrow (BM) [11,12], although they have also been

detected in spleen and at sites of inflammation

[13,14]. The majority of long-lived PCs isolated

from the BM are IgG secreting cells with somatically

mutated V genes, and, therefore, it has been

postulated that they are high-affinity cells descended

from germinal centers. The lifespan of PCs varies

from a few days to months and even years [12,14],

depending on their intrinsic properties as well as

capability of finding and migrating to the sites that
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contain the so-called survival niches. Migration is

facilitated by many factors, i.e. chemokines. Inter-

action between CXCR4 chemokine receptor and

CXCL12 factor expressed by stromal cells is one of

the factors important in PCs migration to the BM

[15,16].

In spite of active migration of PCs, only low

numbers of PCs are found in the human circulation.

This makes PCs difficult to access in humans. Since

murine models have proved to be the valuable tools for

exploring biological processes of human diseases, we

have utilized NOD.B10.H2b (a model of pSS-like

disease) and BALB/c mice in order to characterize

long-lived PCs both in autoimmune and non-

autoimmune spleen and in BM compartments. In

this study, we demonstrated that long-lived PCs are

present not only in the spleen and BM of autoimmune

mice but also in the spleen and BM of non-

autoimmune mice. The presence of long-lived PCs

in non-autoimmune mice that have not been treated

with any immunological agent has until now not been

explored.

We have further detected distinct PCs’ phenotypes

within the two mice strains. In NOD.B10.H2b mice,

PCs produced significantly higher levels of IgG and

the autoimmune PCs were the only ones that

produced antinuclear antibody (ANA)-specific anti-

bodies. Furthermore, PCs from autoimmune mice

were mostly IgG þ cells with highly proliferative

activity. Most importantly, BM in the aged

NOD.B10.H2b mice (40-week-old) presented sig-

nificantly higher quantities of long-lived PCs than

BM of BALB/c mice, indicating supportive survival

environment present in the BM of autoimmune

mice.

Materials and methods

Mice

Female NOD.B10.H2b and BALB/c mice were

purchased from Jackson Laboratories and Taconic

(Denmark), respectively, and housed in an individu-

ally ventilated caging system at the animal facility at

the University of Bergen. Mice were divided into

different age groups with 10 NOD.B10.H2b and eight

BALB/c mice included in each group and sacrificed at

11, 17, 24, 32, and 40 weeks of age. The study was

approved by the National Animal Research Authority

of Norway (# 2006014BB).

BrdU labeling

Since it has been shown that the level of BrdU positive

PCs stabilize after 10 days of BrdU feeding [10], each

group of mice was given BrdU in drinking water

(protected from light and changed every second day)

continuously for 11 days before sacrifice.

Stimulated saliva collection

Day before sacrifice, each mouse was weighed and

treated with Ketalar (0.75 mg/100 g body weight) and

Dormitor (0.01 mg/100 g body weight) dissolved in

phosphate buffer saline (PBS). Salivary flow was

stimulated by an intraperitoneal injection of pilocar-

pine (0.05 mg/100 g of body weight) and saliva was

collected with micropipette for 10 min. The volume of

each sample was calculated as saliva volume/body

weight (ml/g). The saliva samples were stored at

2708C until further analysis.

Glucose level measurements and serum collection. At the

day of sacrifice, mice were starved for 2 h and

euthanized by CO2 asphyxiation. Blood was

collected by intracardiac puncture and glucose level

was measured using the HemoCue Glucose 201 room

temperature (RT) test kit (HemoCue Norge, Oslo,

Norway). A glucose level .300 mg/dl was considered

as diabetic. The blood was allowed to clot overnight at

48C. Serum was separated after centrifugation for

10 min at 1000g and stored at 2708C until further

analysis.

Enzyme-linked immunosorbant assay

For quantitative detection of circulating anti-SSA/Ro

and anti-SSB/La autoantibodies, a commercially

available kit was used (Alpha Diagnostic, San

Antonio, TX, USA). The ELISAs were carried out

as recommended by the manufacturer. In brief, serum

samples were diluted 1:100, added to the SSA/Ro or

SSB/La antigen-coated plates, and incubated for

30 min at RT. Plates were washed 3 £ and incubated

for 30 min with goat anti-mouse IgG HRP conjugate.

After additional washing, TMB substrate was added

for 15 min. The reaction was stopped by a

stop solution and the optical densities (ODs) were

read at 450 nm. Concentrations of autoantibodies

were calculated as micrograms per milliliter.

For detection of total IgG in serum, ELISA plates

(Greiner) were coated overnight at 48C with PBS

containing 2mg/ml of goat anti-mouse IgG antibody

(Southern Biotech, Birmingham, AL, USA). The

plates were blocked with PBS and 20% fetal bovine

serum (FBS) for 1 h at RT. Sera were added in twofold

dilutions, and standard IgG antibody (Sigma Aldrich,

St. Louis, MO, USA) was tested in twofold dilution.

After incubation for 2 h at RT, the plates were washed

with PBS containing 0.05% Tween (PBS/T) and

subsequently incubated with 0.5mg/ml of biotinylated

goat anti-mouse IgG antibody (Southern Biotech,

Birmingham, AL, USA) for 1 h at RT. The plates were

washed and ExtrAvidin peroxidase diluted 1:1000 in

PBS/FBS was added to each well. After 1-h

incubation, the reaction was developed by adding

E. A. Szyszko et al.416



OPD (0.4 mg/ml) and H2O2 (0.8 mg/ml) in dH2O. The

reaction was stopped after 5 min by the addition of

1 M H2SO4 and the ODs were read at 492 nm. The

total IgG concentrations were calculated as micro-

grams per milliliter.

Measurement of ANAs

Hep-2 cells were seeded on the cover glasses and

incubated at 378C in humidified 5% CO2 incubator

until confluent. Cells were fixed with 4% paraformal-

dehyde, washed, and incubated at 2208C for 1 h with

methanol. After washing with distilled H2O (dH2O),

cells were blocked for 1 h with PBS containing 2%

BSA and 0.05% Tween. The murine sera were diluted

1:50, added to the Hep-2 fixed glasses, and incubated

for 1 h at RT. After washing, the cells were covered

with FITC-conjugated goat anti-mouse IgG (Sigma

Aldrich, St. Louis, MO, USA) diluted 1:100 and

DAPI diluted 1:5000 for 1 h at RT.

Flow cytometry

Spleen and femur bones were collected from each

mouse. Spleens were punctured with a syringe at each

end, and cells were washed out with PBS. Cells for the

BM analysis were harvested from the femur bones by

flushing the marrow cavity with PBS. Cell suspensions

were carefully layered on top of the Lymphoprep and

centrifuged for 30 min at 800g at RT. The bands

containing the mononuclear cells were removed and

washed twice with PBS by centrifuging at 300g for

10 min. Cell counting and cell viability was determined

by Casy cell counter system (Schärfe System, Reutlin-

gen, Germany). Cells were resuspended in FACS

buffer (PBS containing 1% FBS, 2 mM EDTA, and

0.01% azide), and cell concentration was adjusted to

1 £ 106 per sample. Cells were incubated with affinity

purified anti-mouse CD16/32 antibodies that blocks

low-affinity Fc receptor expressed among other B cells.

The following fluorochrome-conjugated mono-

clonal antibodies were used: CD138-PE (clone

281-2, Miltenyi), CD38-PE-Cy5 (clone 90,

eBioscience), BrdU-FITC (clone 3D4, BD Pharmin-

gen), Bcl-2-FITC (clone 3F11, BD Pharmingen),

IgG2a/2b-FITC (clone R2-40, BD Pharmingen),

R&D Systems), IgM-APC (clone 1B4B1, Southern

Biotec), MHCII-FITC (clone NIMR-4, Southern

Biotec), and CXCR4-APC (clone 247506). Stained

cells were analyzed using BD FACSCanto I (BD

Bioscience, San Jose, USA). FlowJo software (Tree

Star, Inc., Ashland, USA) was used in analyzing

collected data. Mean fluorescence intensity (MFI)

analysis was used to define density expression of each

molecule on the surface of PCs.

Statistical analysis

Kolmogorov–Smirnov test was used to determine if

the data was normally distributed. Statistical differ-

ences in the cytokine means for each time point were

calculated by either the two-tailed Student’s t-test or

the Mann–Whitney U-test. A p-value of #0.05 was

considered significant.

Results

Impaired salivary secretion

Dysfunction in the secretory activity of salivary glands

is an important component of pSS in humans. In our

murine study, we observed reduction in saliva

secretion in NOD.B10.H2b mice at week 17 with

further significant reduction detected by week 24

(Figure 1a). Intriguingly, significant increase in saliva

production was observed in BALB/c mice at week 24

and 40 compared with younger BALB/c mice

(Figure 1a).
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Figure 1. Salivary flow and antibody measurements in NOD.B10.H2b and BALB/c mice. (A) Saliva was collected from each mouse for

10 min after injection of pilocarpine. The volume of each sample was measured and data are presented as salivary flow rate [ml saliva/g body

weight] for 10 or 8 NOD.B10.H2b and BALB/c mice, respectively, for each time point. The Kolmogorov–Smirnov test and Student’s t-test

were used in analyzing the data with ( p , 0.05); § significantly lower than week 11; * significantly higher/lower than younger mice. (B) Serum

IgG levels measured by ELISA method in 11-, 17- and 40-week-old NOD.B10.H2b and BALB/c mice. The Kolmogorov–Smirnov test and

Student’s t-test were used in analyzing the data with ( p , 0.05); *significantly higher/lower than younger mice. (C) Presence of ANAs was

tested in 11-, 17- and 40-week-old NOD.B10.H2b and BALB/c mice by incubating sera from mice with Hep-2 cells. ANAs were detected only

in NOD.B10.H2b mice at week 17 and 40. Representative results from one 40-week-old NOD.B10.H2b mouse and one 40-week-old BALB/c

mouse are presented.
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NOD.B10.H2b is a model for pSS-like diseases that

in contrast to the NOD mice does not develop diabetes

[17]. Thus, in order to make sure that our

NOD.B10.H2b mice were diabetes free, we measured

the blood glucose level. The glucose levels in the

NOD.B10.H2b mice were stable (with variation

between 200 and 250 mg/dl) throughout the whole

study period and comparable with glucose level

detected in age-matched BALB/c mice (data not

shown).

Detection of circulating autoantibodies

Quantitative levels of circulating SSA/Ro and SSB/La

autoantibodies and total IgG were tested in 11-, 17-,

and 40-week-old mice. Both SSA/Ro and SSB/La

autoantibodies were detected in NOD.B10.H2b and

BALB/c mice; however, no significant differences were

found between the two mice strains. Levels of SSA/Ro

autoantibodies (with range of 38–76mg/ml) were

significantly higher than levels of SSB/La autoanti-

bodies (with range of 0.83–2.13mg/ml) in both mice

strains. Interestingly, significant increase of both

SSA/Ro and SSB/La autoantibodies was detected

with increasing age (data not shown).

In contrast to SSA/Ro and SSB/La autoantibodies,

concentrations of total IgG in serum of

NOD.B10.H2b mice were threefold higher compared

with BALB/c mice at all three time points tested

(Figure 1b), thus mirroring the common elevated IgG

levels seen in pSS patients. Equally to SSA/Ro and

SSB/La autoantibodies, levels of circulating IgG

increased with increasing age in both mice strains.

Qualitative tests for detection of circulating IgG

antibodies against nuclear proteins showed presence

of ANAs in NOD.B10.H2b mice already from week

17, with high reactivity at week 40 (Figure 1c), thus

indicating an autoimmune type of inflammation in

NOD.B10.H2b mice. Circulating antibodies from

BALB/c mice showed no reaction with nuclear

proteins at any time points tested (Figure 1c).

Identification of PCs in spleen and BM

Long-lived PCs are thought to develop mainly from

germinal center B cells or memory B cells in secondary

lymphoid organs such as spleen. Additionally, high

amounts of long-lived PCs have been detected in the

BM. Therefore, we isolated and characterized PCs

from both spleen and BM of autoimmune

NOD.B10.H2b mice and non-autoimmune BALB/c

mice. PCs in both compartments were defined by

CD138 expression and lack of CD38 expression

(CD138
þ

CD382 cells) [18] (Figure 2a).

The number of PCs increased significantly from

week 11 to 17, indicating a high proliferative activity in

the spleen of NOD.B10.H2b mice during this time

frame (Figure 2a,b). After 17 weeks, the number of

PCs dropped to a level that was significantly lower

than previously observed (Figure 2a,b). BALB/c mice

showed a very different pattern, with PCs increasing

from week 11 with a peak at week 24 (Figure 2b).

Thereafter, the levels of PCs gradually decreased with

low levels detected at week 40 (Figure 2b). At week

40, there were significantly more PCs in the spleen of

NOD.B10.H2b compared with BALB/c mice.

In the BM of NOD.B10.H2b mice, high frequencies

of PCs were detected at week 11 and 17, indicating

increased migration of PCs to BM at these time

points. Significant reduction of PCs was noted at week

24, followed by a slight increase at week 32 and 40

(Figure 2c). Different progression in the accumulation

of PCs was observed in the BM of BALB/c mice.

Significant increase of BM PCs was detected at week

24, followed by significant decrease by week 40

(Figure 2c). At week 40, there were significantly more

PCs in the BM of NOD.B10.H2b compared with

BALB/c mice.

In addition to being a PC marker, CD138 receptor

is a novel marker for determining the final stage of PCs

differentiation. Therefore, we examined the density of

CD138 on PCs. We detected high CD138 density on

splenic PCs at week 11 in both mice strains

(Figure 2d), thus indicating presence of more mature

phenotype of PCs in the spleen at week 11 than in the

older mice. In the BM of NOD.B10.H2b mice, all

PCs exhibited comparable densities of CD138

receptor (Figure 2e) pointing out to one particular

type of PCs present in the BM.

PC phenotyping

Maturation level of splenic and BM PCs. MHCII is an

important molecule in antigen presentation and, thus,

is highly expressed by the B cells and less by the

terminally differentiated PCs. Except for week 17 and

40, most of the splenic PCs in the NOD.B10.H2b

mice expressed MHCII molecule (Figure 3a,b). At

week 17 and 40, the distribution of MHCIIþ and

MHCII2 cells was equal. When investigating the

density of MHCII molecules, we discovered high MFI

on PCs from 11-week-old NOD.B10.H2b mice

(Figure 3d). After week 11, the MFI dropped at

week 17, rose again at week 24, and remained stable

until week 40.

Between week 11 and 24, only 30–40% of PCs in

the BALB/c mice were positive for MHCII molecule.

Accordingly, low MHCII densities were detected at

these time points. A shift in both percentages and

density of MHCII molecule on PCs was observed by

week 32 (Figure 3b,d), indicating generation of new

PCs in the spleen of 32-week-old BALB/c mice.

The BM PCs were generally MHCII2 (Figure 3a,c),

indicating presence of higher numbers of terminally

differentiated PCs in the BM compared with spleen.

In NOD.B10.H2b mice, a significantly increased
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Figure 2. Splenic and BM PCs in NOD.B10.H2b and BALB/c mice. PCs from spleen and BM were identified as CD138þCD382 cells.
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BM cells in 11-, 17-, 24-, 32- and 40-week-old NOD.B10.H2b and BALB/c mice. (D,E) Density of CD138 receptor on the surface of PCs was
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respectively. The Kolmogorov–Smirnov test and the Student’s t-test were used in analyzing the data with ( p , 0.05), *significantly
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population of MHCIIþ PCs was observed at week 24.

By week 32, the percentages of MHCIIþ PCs were

significantly lower and continued to decline up to

week 40. In the BALB/c mice, we observed a decrease

in MHCIIþ PCs at week 17, but similar to

NOD.B10.H2b, an increase of this phenotype was

observed at week 24 (Figure 3c).

Immunoglobulin isotype of splenic and BM PCs. Since it

has been established that long-lived PCs found in the

BM are mostly high-affinity IgG expressing cells,

whereas the majority of short-lived PCs are the IgM

producing cells, we used immunoglobulin

phenotyping to distinguish between the short- and

long-lived PCs. Distribution of IgG and IgM cells in

the spleen and BM of mice is shown in Figure 4a.

Interestingly, we detected comparable percentages

of IgG expressing PCs in the spleen of NOD.B10.H2b

mice between weeks 11 and 32.

A significant decrease in IgGþ PCs was, however,

observed in 40-week-old NOD.B10.H2b mice

(Figure 4b). An opposite situation was observed in
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BALB/c mice, where an increase in IgGþ PCs was

observed in the spleen at week 24. The increase in

IgGþ PCs was already detected at 17 weeks; however,

due to some outliners with very low percentages of

IgGþ PCs, the differences between 11- and 17-week-

old mice and 17- and 24-week-old mice were not

significant (Figure 4b).

In the BM up to 30% (in NOD.B10.H2b mice) and

61% (in BALB/c mice) of PCs were IgGþ (Figure 4c).

In BM of NOD.B10.H2b mice, we observed

significant decrease in IgGþ PCs at week 17 followed

by an increase at week 24. Similarly, in BALB/c mice,

a decrease in IgGþ PCs at week 17 and increase at

week 24 were observed. However, in contrast to the

NOD.B10.H2b mice, a significant decrease in IgGþ

PCs was observed in BALB/c mice with low quantities

of IgGþ PCs detected at week 32 and 40 (Figure 4c).

Density examination revealed some changes in the

IgG densities on splenic PCs, but not on BM PCs in

NOD.B10.H2b mice (Figure 4d,e). In BALB/c mice,

high IgG densities were detected on PCs at week 24

both in spleen and BM (Figure 4d,e).

We detected high quantities of IgMþ PCs in

17-week-old NOD.B10.H2b mice (Figure 4f). Inter-

estingly, this is in accordance with the increase in the

percentages of total PCs in the spleen of these mice

(Figure 2b). The amounts of IgMþ PCs decreased

significantly at week 24. An increase of IgMþ splenic

PCs was observed in only some of the 32- and

40-week-old BALB/c mice and, thus, due to the great

variations within these mice, the increase was not

significant (Figure 4f). The BM subset of IgMþ PCs

was stable in NOD.B10.H2b mice, but shifted in

BALB/c mice by significant increase at week 24

(Figure 4g). Examination of IgM densities reflected

mainly changes seen in the quantities of IgMþ PCs

(Figure 4h,i).

Migration potential of PCs

Interactions between CXCR4 receptor on the surface

of PCs and its ligand CXCL12 expressed among

others by stroma in the BM have shown to be

important in homing to the BM. Thus, we have

examined expression of CXCR4 receptor on PCs in

both spleen and BM of mice. Low quantifies of

CXCR4þ PCs were detected in spleen and BM of

both NOD.B10.H2b and BALB/c mice (Figure 5a–c).

We observed an increase in splenic CXCR4þ PCs in

17-week-old NOD.B10.H2b mice; however, due to

Figure 4. IgG and IgM expression by splenic and BM PCs in

NOD.B10.H2b and BALB/c mice. Expression of IgG and IgM on

PCs from spleen and BM were examined. (A) Representative plots

of IgG and IgM distribution within PC population in the spleen and

BM of 11-, 17-, and 40-week-old NOD.B10.H2b mice. BALB/c

mice presented comparable distribution pattern of MHCII as

NOD.B10.H2b mice (data not shown). (B) Percentages of IgGþ

cells within splenic PC subset in 11-, 17-, 24-, 32-, and 40-week-old

NOD.B10.H2b and BALB/c mice. (C) Percentages of IgGþ cells

within BM PC subset in 11-, 17-, 24-, 32-, and 40-week-old

NOD.B10.H2b and BALB/c mice. (D,E) Density of IgG molecule

on the surface of PCs tested in spleen and BM by MFI. (F)

Percentages of IgMþ cells within splenic PþC subset in 11-, 17-, 24-,

32-, and 40-week-old NOD.B10.H2b and BALB/c mice. (G)

Percentages of IgMþ cells within BM PC subset in 11-, 17-, 24-,

32-, and 40-week-old NOD.B10.H2b and BALB/c mice. (H,I)

Density of IgM molecule on the surface of PCs tested in spleen and

BM by MFI. (B–I) All data shown as mean ^ SEM per sampling

time for 10 or 8 NOD.B10.H2b and BALB/c mice, respectively.

The Kolmogorov–Smirnov test and Student’s t-test were used in

analyzing the data with ( p , 0.05), *significantly higher/lower than

younger mice.
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variations within the group, it was not significant

(Figure 5b). In the BM, an increase in CXCR4þ PCs

was observed in the 24-week-old NOD.B10.H2b mice

(Figure 5c), thus indicating immigration of these cells

possibly from the spleen. In BALB/c mice, we

observed significant reduction in CXCR4þ PCs at

week 24, thus pointing to emigration of these cells out

of the spleen compartment (Figure 5b). This

associates well with the increase of these cells in the

BM of 32-week-old mice (Figure 5c).

Proliferation of splenic and BM PCs

To be able to distinguish between proliferating (short-

lived) and non-proliferating (long-lived) PCs, incor-

poration of previously administrated BrdU was

analyzed in the two mice strains (Figure 6). In

NOD.B10.H2b mice, 50% of splenic PCs were

BrdUþ at week 11. Percentages of BrdUþ PCs

increased at week 17 and remained stable throughout

weeks 24 and 32. A slight decrease in BrdUþ PCs was

detected at week 40; however, because of variation
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within the group, the decrease was not significant

(Figure 6b).

In BALB/c mice, generally lower quantities of

BrdUþ PCs were detected compared with

NOD.B10.H2b mice (Figure 6b), thus indicating

less proliferation taking place in the spleen of these

mice. Interestingly, the examination of BrdU density

in the PCs from NOD.B10.H2b mice revealed high

quantities of BrdU in the PCs at weeks 24 and 32,

indicating increase in proliferative activity within the

PC population at these time points (Figure 6d). The

splenic PCs from BALB/c mice showed no differences

in the density of BrdU in the five time points tested

(Figure 6d).

In the BM of NOD.B10.H2b mice, the amounts of

PCs with BrdU incorporation were stable throughout

the whole study period (Figure 6c). The BrdU

incorporation in the BM PCs from BALB/c mice

was high at week 11. After week 11, the quantities of

BrdUþ PCs decreased and very low percentages were

detected at week 32 (Figure 6c). The densities of

BrdU in the BM PCs were stable throughout the

whole study period in both mice stains (Figure 6e).

Survival of splenic and BM PCs

Survival of PCs is dependent on environmental factors

and also on intrinsic properties of these cells. Bcl2 is

an anti-apoptotic protein regulating process of cell

survival, and therefore we examined expression of this

factor in the splenic and BM PCs.

Low percentages of Bcl2þ PCs were detected in the

spleen of NOD.B10.H2b mice with a peak reached at

week 17 (Figure 7a,b). Comparable quantities of

Bcl2þ PCs were observed in the spleen of BALB/c

mice; however, a significant increase was observed at

week 24 in these mice (Figure 7b).

Generally, higher percentages of Bcl2þ PCs were

detected in the BM compartment compared with

spleen in both mice strains, indicating higher survival

potential of BM rather than splenic PCs. In

NOD.B10.H2b mice, the levels of Bcl2þ PCs in the

BM varied between 5 and 20%, with the most

pronounced expression detected at week 24

(Figure 7c). In BALB/c mice, the percentages of

Bcl2þ PCs varied between 3 and 67, with highest

levels of positive cells detected at week 11 (Figure 7c).

These data indicate that even though there are high

numbers of PCs with survival potential present in the

BM, not all of these cells will be able to survive and

retain in this compartment.

Investigation of Bcl2 expression showed increased

Bcl2 densities in the BM PCs compared with splenic

PCs, thus confirming possible higher survival poten-

tial of BM PCs. In the NOD.B10.H2b, the densities of

Bcl2 in the PCs were stable in both spleen and BM. In

contrast, BALB/c mice presented highest Bcl2

densities at week 24 in the spleen and week 11 in the

BM (Figure 7d,e).

Discussion

During an immune response, two types of PCs may be

formed: short-lived and long-lived PCs. The long-

lived subset residing primarily in the BM is responsible

for antibody titer persistence in the circulation. In

autoimmune diseases, long-lived PCs can accumulate

not only in the BM but also in secondary lymphoid

organs and at sites of inflammation. Long-lived PCs

secreting autoantibodies provide a therapeutic chal-

lenge because they are resistant to conventional

treatments, in particular to immunosuppressive and

anti-inflammatory drugs. In this study, we have

investigated the generation of long-lived PCs and

Figure 6. BrdU incorporation in splenic and BM PCs in

NOD.B10.H2b and BALB/c mice. Mice were treated with BrdU

in drinking water for 11 days before sacrifice. BrdU incorporation in

proliferating PCs was tested by flow cytometry. (A) Representative

plots of BrdU distribution within PC population in the spleen and

BM of 11-, 17-, and 40-week-old NOD.B10.H2b mice. BALB/c

mice presented comparable distribution pattern of MHCII as

NOD.B10.H2b mice (data not shown). (B) Percentages of BrdUþ

cells within splenic PC subset in 11-, 17-, 24-, 32-, and 40-week-old

NOD.B10.H2b and BALB/c mice. (C) Percentages of BrdUþ cells

within BM PC subset in 11-, 17-, 24-, 32-, and 40-week-old

NOD.B10.H2b and BALB/c mice. (d,e) Density of BrdU molecule

in PCs tested in spleen and BM by MFI. (B–E) All data shown as

mean ^ SEM per sampling time for 10 or 8 NOD.B10.H2b and

BALB/c mice, respectively. The Kolmogorov–Smirnov test and

Student’s t-test were used in analyzing the data with ( p , 0.05),

*significantly higher/lower than in younger mice.
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their possible role in development and progression of

pSS-like disease in NOD.B10.H2b mice [17].

Consistent with other reports, the NOD.B10.H2b

mice (model for pSS-like disease) presented decrease

in salivary flow with increasing age [17,19–21]. In our

study, we did not detect elevated serum levels of

SSA/Ro and SSB/La autoantibodies in the auto-

immune mice. This adds to the notion that there are

probably different mechanisms regarding SSA/Ro and

SSB/La autoantibody production in humans vs. mice

[22,23]. However, NOD.B10.H2b mice had signifi-

cantly higher ANAs detected in serum [20,21],

indicating B cells involvement in autoimmune

condition.

PC subset is a heterogenic subset comprising

phenotypically different cells. In humans, BM PCs

express high levels of CD138, CD38, CD27, and Bcl2

and reduced levels of CD19, CD45, and HLA-DR.

However, a CD138- PC subset has also been detected

[24]. To make it even more complicate, distinct

phenotypes of PCs are presented in different

compartments such as blood and tonsils [25]. In

contrast to humans, terminally differentiated, mature

PCs in mice do not express CD38 [18], and therefore,

due to our primary interest in the mature, long-lived

subset, we have chosen to define PCs as a

CD138þCD382 population.

Quantitative comparison of splenic PCs at different

ages revealed a significant increase of PCs in 17-week-

old NOD.B10.H2b mice. Simultaneously, a decrease

in the density of CD138 on the surface of splenic PCs

was detected in 17-week-old mice, pointing to the

expansion of PC population by newly differentiated

PCs. Furthermore, the increase in PCs was associated

with loss of salivary secretion and a significant increase

in the circulating IgG and ANAs. Detection of all

these factors points to the fact that at week 17 the

clinical phase of disease has already started in the

NOD.B10.H2b mice.

PCs generated in the spleen will migrate to the BM

[15,16]. In the BM of NOD.B10.H2b mice, the

highest numbers of PCs were detected at weeks 11 and

17, indicating that the migration of PCs to the BM

started before week 11, and thus the PC peak

observed in the spleen at week 17 is most likely not

the initial peak. Furthermore, the major decrease in

BM PCs at week 24 implies that from the high

amounts of splenic PCs produced at week 17, only a

small amount will actually migrate to the BM. This

could be due to the fact that many of the splenic PCs

will die [10,26] before they reach BM [28] or that they

migrate preferably to the sites of inflammation [27].

Intriguingly, a high number of PCs was detected in

the BM of BALB/c mice at week 24. This finding

suggests that most of PCs produced in the spleen of

17-week-old BALB/c mice possibly migrate to the BM

of these mice. However, at week 40, there are four

times less PCs in the BM of BALB/c mice than in the

40-week-old NOD.B10.H2b mice. This could be due

to the still ongoing migration in the NOD.B10.H2b

but not in the BALB/c mice or, alternatively, due to a

more supportive survival environment present in the

BM of autoimmune mice.

Analysis of MHCII expression revealed that BM PC

population was of a more mature phenotype com-

pared with splenic PC population in both mice strains.

This is in agreement with human studies that showed a

more mature PC in the BM compared with tonsils

in humans [25]. Interestingly, we discovered that

even though the levels of BM PCs in the 24-week-

old autoimmune mice were very low compared with

the other time points, the percentage of MHCIIþ

PCs reached a peak at this time point. Based on

this observation, we hypothesize that most of the

Figure 7. Bcl2 expression by splenic and BM PCs in

NOD.B10.H2b and BALB/c mice. Expression of survival marker,

Bcl2 inside PCs from spleen and BM were examined. (A)

Representative plots of Bcl2 distribution within PC population in

the spleen and BM of 11-, 17-, and 40-week-old NOD.B10.H2b

mice. BALB/c mice presented comparable distribution pattern of

Bcl2 as NOD.B10.H2b mice (data not shown). (B) Percentages of

Bcl2þ cells within splenic PC subset in 11-, 17-, 24-, 32-, and 40-

week-old NOD.B10.H2b and BALB/c mice. (C) Percentages of

Bcl2þ cells within BM PC subset in 11-, 17-, 24-, 32-, and 40-week-

old NOD.B10.H2b and BALB/c mice. (D,E) Density of Bcl2

molecule inside (on the mitochondria and ER) PCs tested in spleen

and BM by MFI. (B–E) All data shown as mean ^ SEM per

sampling time for 10 or 8 NOD.B10.H2b and BALB/c mice,

respectively. The Kolmogorov–Smirnov test and Student’s t-test

were used in analyzing the data with ( p , 0.05), *significantly

higher/lower than younger mice.
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MHCII- PCs detected at week 17 probably lost the

competition for the survival niches.

The high percentage of the less mature PCs

(MHCIIþ cells) could further mean that these cells

have newly migrated to the BM, indicating that BM of

NOD.B10.H2b mice is a dynamic environment with

continuous influx of PCs that compete for the survival

niches and are often replaced by newly arrived PCs.

This competition for the survival niches has been

discovered in other studies [29,30]. Despite their

importance, little is known about the distribution,

components, and function of such niches.

Expression of CXCR4 on murine PCs is important

in the homing of PCs to the BM [31]. In our study,

only a small percentage of PCs expressed this

chemokine receptor in both spleen and BM. This

may be due to the fact that by identifying our PC

population as CD138þCD382, we are mostly looking

at the more mature PCs and thus less migratory

population [32]. However, we can still detect an

increase of CXCR4þ PCs in the BM in 24-week-old

NOD.B10.H2b mice, thus indicating influx of new

PCs to this site. At the same time, we observed a

higher percentage of CXCR4þ PCs in the spleen of

17-week-old NOD.B10.H2b mice, indicating pre-

sence of PCs with higher migration potential compar-

ing with both younger and older NOD.B10.H2b mice.

Additionally, there is a number of other chemokines

that drives migration of PCs [32] that we did not test

in this study.

Splenic PCs have often been considered as short-

lived PCs. Nevertheless, a long-lived PC population

has also been detected in the spleen of [13,14]. By

using BrdU incorporation, we found stable percen-

tages of possibly long-lived PCs in the spleen of both

autoimmune NOD.B10.H2b and non-autoimmune

BALB/c mice. Therefore, our results support the idea

that splenic PCs are important contributors to the

long-lived PC pool. In spite of stable levels of short-

lived BrdUþ PCs, examination of BrdU density

revealed high PC proliferation activity in 24- and 32-

week-old NOD.B10.H2b mice. This may reflect

changes in the PCs population and generation of

new PCs at these time points. In contrast, in the BM,

approximately 60% of BM PCs were positive for BrdU

at all time points with no differences in the BrdU

densities. This indicates that PCs migrating to the BM

are of a special maturation status.

In addition to the environment, the importance of

intrinsic properties in the survival process of PCs has

been presented in humans. For instance, long-lived

BM PCs express higher amounts of Bcl2 than

circulating PCs and the PCs found in the lymphoid

organs [25]. Our finding confirms and extends this

observation showing higher proportions of Bcl2þ PCs

as well as higher density of Bcl2 in the BM PCs

compared with splenic PCs in both autoimmune

NOD.B10.H2b and BALB/c mice. The low percen-

tages of Bcl2þ PCs that we found undermine,

however, the theory about the important contribution

of splenic PCs to the long-lived PC subset [10].

Our results suggest that PCs from spleen are more

susceptible to apoptosis than BM PCs, although this

should be examined in more detail. Intriguingly, in the

context of autoimmunity, we found generally lower

proportions of PCs expressing Bcl2 in the autoimmune

NOD.B10.H2b compared with non-autoimmune

BALB/c mice. Observing high accumulation of Bcl2þ

PCs in the salivary glands of pSS patients (own

observations), one explanation of this phenomenon

could be that the Bcl2þ PCs in NOD.B10.H2b mice

migrate to the site of inflammation instead of BM.

Conclusion

Our results demonstrate that non-proliferating, poten-

tially long-lived PCs are present in the spleen and BM

of both autoimmune NOD.B10.H2b and non-auto-

immune BALB/c mice, indicating formation of long-

lived PCs regardless of autoimmunity. Nevertheless, in

the aged mice, there were significantly more PCs in the

BM of NOD.B10.H2b strain, pointing to more

supportive survival environment (with possibly more

survival niches) present in the BM of autoimmune

mice.
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