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Abstract Oral administration of some probiotic bacteria

(e.g. Lactobacillus rhamnosus) attenuates various types of

experimental arthritis, including collagen-induced arthritis

(CIA) and inhibits arthritogenic autoantibodies. Much less

is known about the possible anti-arthritogenic properties of

exopolysaccharide (EPS), the major component of lactic

bacteria biofilm. In this study, we asked the question

whether systemic administration of EPS derived from

L. rhamnosus KL37 depresses the production of anti-collagen

IgG and affects the development of CIA in DBA/1 mice.

Arthritis was induced employing two models of active

CIA, in which mice were immunized with type II collagen

(CII) either in the presence of lipopolysaccharide (LPS;

mild arthritis with moderate CII-specific IgG production)

or with Complete Freund’s Adjuvant and LPS (severe

arthritis with massive CII-specific IgG production). Passive

CIA was induced by intravenous injection of CII-specific

monoclonal antibodies and LPS. Disease progression, the

incidence and severity of arthritis, were determined. Serum

concentration of CII-specific IgG was measured by

enzyme-linked immunosorbent assay. Systemic adminis-

tration of EPS markedly reduced CII-specific antibody

production. Moreover, EPS significantly ameliorated

arthritis in the active models of CIA, especially, when LPS

alone was used as an adjuvant. In contrast, when arthrito-

genic antibodies were injected to mice in high amounts, the

effect of EPS on the development of passive CIA was

negligible and transient. These results show that EPS can

suppress active CIA by the inhibition of arthritogenic

antibodies production. Therefore, we suggest that EPS or

EPS-producing probiotics may be promising agents for the

supporting therapy of patients with rheumatoid arthritis.
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Introduction

It has been commonly accepted that infectious agents play

a role in pathogenesis of chronic inflammatory and auto-

immune disorders, such as rheumatoid arthritis (RA) (Aoki

et al. 1996; Navarra 2007; Yoshino and Ohsawa 2000). The

best documented is a pathogenic role of Porphyromonas

gingivalis, a periodontal bacteria, responsible for the

association between chronic periodontitis and RA (Detert

et al. 2010). Interestingly, components from various closely

related species of both Gram-negative and Gram-positive

intestinal bacteria may be either arthritogenic or non-

arthritogenic (Simelyte et al. 2001, 2003). However, the

specific factors contributing to the arthritogenecity of

bacterial cell wall components (e.g. peptidoglycans,

b-glucan, lipopolysaccharide: LPS) have not yet been fully

determined (Hida et al. 2006). Some bacterial components

(for example, LPS or mycobacterial components) are

commonly used as adjuvants to induce or exacerbate joint

inflammation in experimental models of RA, including
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collagen-induced arthritis (CIA) in mice and rats (Cour-

tenay et al. 1980; Yoshino et al. 2000; Williams 2004). A

rapid onset of arthritis can be induced by a passive transfer

of monoclonal antibodies specific to arthritogenic epitopes

of collagen type II (CII) and LPS (Nandakumar et al. 2003;

Oestergaard et al. 2008). Importantly, the severity of

arthritis depends on the amount of antibodies injected. Our

previous studies confirmed that anti-CII antibodies play a

critical arthritogenic role. We have shown that CIA-

induced mice with high serum level of IgG anti-CII anti-

bodies developed severe arthritis, while mice with low

level of these antibodies developed mild arthritis with

significantly lower incidence (Marcinkiewicz et al. 2007b).

Bacteria may also play a protective role in the development

of autoimmune diseases (Stephani et al. 2011). Several studies

have shown the beneficial/suppressive effects of some pro-

biotic bacteria on the development of various types of arthritis,

including CIA in mice (Kano et al. 2002; Sheil et al. 2004).

Lactobacillus casei and L. rhamnosus, closely related lactic

bacterial species, have been commonly used for these studies

(Baharav et al. 2004; So et al. 2008a, b). However, much less is

known, about the possible anti-arthritogenic properties of

lactic bacteria exopolysaccharide (EPS), the major compo-

nent of lactobacilli biofilm (Ciszek-Lenda 2011; Flemming

et al. 2007; Vu et al. 2009). EPS has been tested successfully in

other models of chronic inflammation. For example, EPS-

producing probiotic strains significantly attenuate experi-

mental colitis, and the degree of attenuation was dependent on

the amount of EPS released (Şengül et al. 2006). The use of

EPS instead of whole bacteria is in agreement with new

alternative bacteriotherapy. As the biological properties of

probiotic bacteria are strain specific, one of the current strat-

egies to improve the reproducibility of probiotic therapies is to

replace the use of live bacteria with bacterial components

(peptidoglycan, lipoteichoic acid, EPS) of known immuno-

regulatory properties (Myhre et al. 2006; Seo et al. 2008;

Vinderola et al. 2006).

Recently, we have shown that EPS derived from

L. rhamnosus KL37 (Lipiński et al. 2003) alters the pro-

duction of inflammatory mediators by macrophages in vitro

(Ciszek-Lenda et al. 2011). Moreover, L. rhamnosus

KL37-derived EPS inhibits the production of ovalbumin

(OVA)-specific antibodies in mice immunized with OVA

adjuvantized with LPS (unpublished data; the patent

application no. P387319).

As EPS is able to inhibit humoral response and it is

known that high levels of arthritogenic CII-specific IgG are

crucial for the development of CIA, therefore, it was rea-

sonable to address the issue whether EPS can inhibit the

production of collagen-specific antibodies and ameliorate

arthritis. In this study, we used two models of CIA, with the

induction of either high or low levels of anti-collagen

antibodies and a third model of arthritis induced by a

passive transfer of anti-collagen antibodies together with

LPS.

Materials and Methods

EPS Isolation

Exopolysaccharide was obtained from L. rhamnosus

KL37C strain isolated from the feces of the human new-

borns as previously described (Lipiński et al. 2003). In

brief, bacteria stored at -70 �C in MRS broth supple-

mented with 10 % glycerol were cultivated for 48 h in

supplemented MRS liquid broth (Biocorp Polska, Warsz-

awa, Poland) at 37 �C under anaerobic conditions. After

centrifugation at 8,000 rpm (4 �C, 30 min), bacteria were

washed twice with PBS, suspended in water (10 ml) and

sonicated three times for 5 min, in an ice bath. Supernatant

collected after the centrifugation at 6,000 rpm (30 min,

4 �C) was centrifuged twice at 12,000 rpm at 4 �C for 1 h

and then precipitated with five volumes of cold ethanol

(-20 �C, overnight). The precipitated material was recovered

by centrifugation at 12,000 rpm, 4 �C for 20 min and

freeze-dried. Finally, the material (polysaccharide) was

passed through the gel filtration column in TSK HW-50

(1.6 9 100 cm) in 0.05 M aqueous pyridine acetate buffer

(pH 5.6). The eluted fractions were monitored with a

Knauer differential refractometer. The first fraction, which

eluted in the void volume, contained polysaccharide (crude

EPS) used in the present investigation.

Mice

Inbred DBA/1 male mice and CBA mice were bred in the

Animal Breeding Unit, Department of Immunology of

Jagiellonian University College of Medicine, Kraków.

Mice were housed 4–5 per cage and maintained under

clean conventional conditions with free access to standard

rodent diet and water. Mice were used at 8–10 weeks of

age. The authors were granted permission for this study by

the Local Bioethical Committee. Experiments were con-

ducted according to the ethical guidance of the Local

Bioethical Committee.

Mice Immunization with OVA

Protocol 1 Mice were injected intraperitoneally with

200 lg OVA alone (n = 6) or with LPS (E. coli 011:B4;

1 lg/mouse; n = 6; both Sigma-Aldrich, Germany) or EPS

(50 lg/mouse; n = 6). Thirty days after first immunization

mice were boosted either with OVA (200 lg/mouse) alone

or with OVA (200 lg/mouse) in the presence of LPS

(1 lg/mouse) or EPS (50 lg/mouse). Seven days after
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second immunization, mice were bled and serum was

prepared. Experiment was repeated three times.

Protocol 2 Mice were given an intraperitoneal injection of

OVA (200 lg/mouse) in the presence of LPS (1 lg/mouse;

n = 6) or/and EPS (50 lg/mouse; n = 6 each) twice on

day 0 and 14. Seven days after the second immunization

mice were bled and serum was prepared. Experiment was

repeated at least four times.

Induction and Evaluation of CIA

Model 1 To induce CIA, DBA/1 mice were injected

intraperitoneally with CII from chicken sternal cartilage

(Sigma-Aldrich) (100 lg/mouse) in the presence of

LPS (5 lg/mouse; n = 10–15) and/or EPS (200 lg/mouse;

n = 10–15 and n = 4–6, respectively) on day 0, 14, 28,

42 and 56 (Fig. 1). The experiment was repeated three times.

Model 2 DBA/1 mice were immunized subcutaneously

with CII (200 lg/mouse) emulsified in Complete Freund’s

Adjuvant (CFA; Sigma-Aldrich). Three weeks later (on

day 21), mice received boost intraperitoneal injection of

CII (100 lg/mouse) in the presence of LPS (5 lg/mouse).

Starting from the day of boost immunization mice were

given intraperitoneal injections of EPS (200 lg/mouse;

n = 8–12) or saline (n = 8–12), three times a week till the

end of the experiment. Last injection of EPS was done on

day 41, 2 days before final evaluation of arthritis (Fig. 2).

The experiment was repeated three times.

Model 3 DBA/1 mice were given intravenous injection of

ArthritoMABTM Arthritis Inducing Antibody Cocktail

(MD Biosciences, Switzerland; 4 mg/mouse) followed

with LPS (25 lg/mouse) administered 2 days later intra-

peritoneally (Nandakumar and Holmdahl 2005). EPS

(300 lg/mouse; n = 6) or saline (n = 6) was injected

intraperitoneally 2 days before, 2 days after and on the day

of ArthritoMABTM injection (day 22, 0, 2; Fig. 3). The

experiment was repeated twice.

To evaluate CIA development, mice were examined

visually every other day for the incidence and severity of

arthritis (joint swelling and redness). According to the

extent of erythema and edema of the periarticular tissues,

the lesions of the four paws were each graded from 0 to 4

as follows: 0 = no swelling/normal, 1 = slight swelling of

the limb or the single digits, 2 = moderate swelling/ery-

thema of the limb and/or multiple digits, 3 = pronounced

swelling and erythema, of the limb and multiple digits,

4 = severe swelling and erythema of the limb/digits and

joint rigidity/deformity. The scores of all four paws were

summed to yield arthritis (CIA) index (maximum 16 for

each animal). Paw thickness (swelling of paws) was mea-

sured using Mitutoyo micrometer. To evaluate the level of

anti-CII antibodies, the blood was collected from CIA-

induced mice at the end of the experiments (day 63: model

1; day 43: model 2). Serum was prepared and stored at

-20 �C until used.

Measurement of Serum Antigen-Specific Antibody

Titers

Anti-OVA or anti-CII antibodies in serum were measured

by sandwich ELISA as described previously (Kwaśny-

Krochin et al. 2002). In brief, plates (Costar EIA/RIA

plates, Corning Incorporated, USA) were coated with OVA

Fig. 1 CIA induction protocol:

Model 1. DBA/1 mice were

injected intraperitoneally (ip)

with CII (100 lg/mouse) in the

presence of LPS (5 lg/mouse)

without (saline; n = 13) or with

EPS (200 lg/mouse; n = 15)

on day 0, 14, 28, 42 and 56.

Mice were examined for the

clinical symptoms of arthritis by

visual observation and

measurement of paw thickness

to estimate the incidence and

severity of CIA. At the end of

the experiment (day 63), blood

was collected and anti-CII

antibodies (IgG, IgG1) were

measured in individual mouse

sera by ELISA
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(5 lg/ml) or native chicken CII (5 lg/ml) overnight. Serial

dilutions of mouse serum in PBS were applied to antigen-

coated wells for 1 h at room temperature followed by

biotin-conjugated antibodies against IgG (Sigma-Aldrich),

IgG1 (MP Biomedicals, USA) or IgG2a (Southern Biotech,

USA). Horseradish peroxidase-conjugated streptavidin

(Vector, USA) was used as detection reagent and devel-

oped using o-phenylenediamine dihydrochloride and

Fig. 2 CIA induction protocol: Model 2. DBA/1 mice were immu-

nized subcutaneously (sc) with CII (200 lg/mouse) in the presence of

Complete Freund’s Adjuvant (CFA). Three weeks later, mice were

given intraperitoneal (ip) boost injection of CII (100 lg/mouse) in the

presence of LPS (5 lg/mouse; n = 8). Starting on the day of boost

immunization (day 21) EPS (200 lg/mouse; n = 8) or saline (n = 8)

was administered intraperitoneally three times a week till the end of

the experiment (last injection of EPS was on day 41). Mice were

examined for the symptoms of arthritis (CIA incidence) and severity

of joint inflammation by visual observation and hind paws thickness

measurement. At the end of the experiment (day 43), blood was

collected and anti-CII antibodies (IgG, IgG1, IgG2a) were measured

in individual mouse sera by ELISA

Fig. 3 CIA induction protocol:

Model 3. Arthritogenic

monoclonal antibody cocktail

(ArthritoMABTM; 4 mg/mouse)

was injected intravenously (iv)

to DBA/1 mice (day 0). Two

days later, mice received

intraperitoneal (ip) injection of

LPS (25 lg/mouse). Saline

(n = 6) or EPS (300 lg/mouse;

n = 6) was injected

intraperitoneally three times in

total, on day 22 (two days

before ArthritoMABTM

injection), 0 and 2. Mice were

examined for the symptoms of

arthritis (CIA incidence) and

severity of joint inflammation

by visual observation and hind

paws thickness measurement
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hydrogen peroxide (both Sigma-Aldrich). The reaction was

stopped with 3 M H2SO4 (POCH, Poland). The optical

density of each sample was measured at 492 nm. 0.05 %

Tween 20 (Sigma-Aldrich) in phosphate buffer was used as

a washing solution. The antibody levels were expressed in

arbitrary ELISA units calculated from anti-OVA or anti-

CII immunoglobulin titer: 1 unit = 1/100 titer of immu-

noglobulin specific to OVA or CII.

Statistical Analysis

Statistical significance of differences between groups was

analyzed using unpaired Student’s t test. Results are

expressed as mean values ± SEM. A p value \0.05 was

considered statistically significant. Analysis was performed

using Microsoft Excel.

Results

The Effect of EPS on OVA-Specific Humoral

Responses

In preliminary studies, the effect of EPS on in vivo antigen-

specific antibody production, tested by measurement of

serum concentration of anti-OVA IgG, was compared with

that of LPS, a well-known bacterial stimulator of B cell

proliferation. LPS markedly enhanced the production of

OVA-specific IgG antibodies when injected with antigen

during either the primary (Fig. 4a) or the secondary

immunization (Fig. 4b). Unlike LPS, EPS did not act as an

adjuvant when administered together with antigen (OVA),

but rather diminished the production of antibodies induced

by OVA (Fig. 4). Furthermore, EPS given with antigen and

LPS abolished the adjuvant effect of LPS, and resulted in

lower concentrations of OVA-specific IgG (Fig. 5). Similar

suppressor effects of EPS on antigen-specific antibody

production were observed when EPS and LPS were

administered by different routes (data not shown).

The Effect of EPS on the Development of CIA

and the Production of CII-Specific IgG (Model 1)

Immunization of DBA/1 mice with CII and LPS resulted

in elevated concentration of serum IgG-specific to CII,

especially of IgG1 subclasses (Fig. 6). As anti-CII anti-

bodies are essential for the development of CIA (Williams

et al. 1998), the serum level of IgG to CII was measured in

each mouse individually and was analyzed along with the

clinical symptoms of arthritis. In this experimental model

of CIA, the effectiveness of induction of joint inflammation

was low. The repeated administration of collagen and LPS

(5 times) induced mild arthritis (mean arthritic score 4–6)

Fig. 4 The effect of EPS on the generation (a) and the stimulation

(b) of OVA-specific memory cells. a CBA mice were immunized

with 200 lg of OVA (white n = 6) together with LPS (1 lg/mouse;

black n = 6) or EPS (50 lg/mouse; gray n = 6) administered

intraperitoneally. Thirty days later, mice in all groups were boosted

with OVA alone. b All mice were immunized with 200 lg of OVA

alone and after 30 days mice received 200 lg of OVA (white n = 6)

and LPS (1 lg/mouse; black n = 6) or EPS (50 lg/mouse; gray
n = 6). Blood was collected 7 days after last immunization. The level

of IgG specific to OVA in individual mouse sera was determined by

ELISA. Data are expressed in arbitrary ELISA unit (1 U = 1/100

titer of anti-OVA IgG). Data shown are representative of two selected

experiments. *p \ 0.05; **p \ 0.01; ***p \ 0.001 (Student’s t test)

Fig. 5 The effect of EPS on OVA-specific IgG production. CBA

mice were given intraperitoneal injection of OVA (200 lg/mouse)

alone (white n = 6) or in the presence of LPS (1 lg/mouse; black
n = 6) or EPS (50 lg/mouse; gray n = 6) or both (hatched n = 6)

twice, on day 0 and 14. Blood was collected 7 days after boost

immunization. The level of IgG specific to OVA in individual mouse

sera was determined by ELISA. Data from one representative

experiment are expressed in arbitrary ELISA unit (1 U = 1/100 titer

of anti-OVA IgG). **p \ 0.01; ***p \ 0.001 (Student’s t test)
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with relatively low incidence (approximately 50 %)

(Fig. 7), correlated with a moderate increase in titer of

collagen-specific antibodies (Fig. 6). Interestingly, mice

immunized with CII and EPS, without any adjuvant,

showed extremely low serum levels of collagen-specific

antibodies (Fig. 6) and no signs of arthritis (not shown).

When mice immunized with CII and LPS were treated with

EPS, the serum level of total IgG and IgG1-specific to CII

was significantly reduced (Fig. 6). Reduction in antibody

was associated with strong inhibition of arthritis. None of

the EPS-treated mice developed clinical signs of CIA

within the time frame of the experiment (up to day 55;

Fig. 7).

The Effect of EPS on the Development of CIA

and the Production of CII-Specific IgG (Model 2)

To examine if EPS has the ability to ameliorate severe

arthritis, we immunized DBA/1 mice with CII and CFA,

followed by an administration of CII with LPS 3 weeks

later. In this model, the incidence (*80 %) and the

severity of arthritis (mean arthritis score *10) were close

to those observed previously in a classical model of CIA

(mice immunized with CII ? CFA twice) (Kwaśny-Kro-

chin et al. 2002; Marcinkiewicz et al. 2007b). As shown in

Fig. 8, the serum concentration of anti-CII IgG was very

high. The concentration of total anti-CII IgG was fourfold

higher than that observed in the model 1. EPS inhibited the

production of CII-specific IgG. The serum level of both

measured subclasses of IgG, namely IgG1 and IgG2a, was

strongly reduced. Nevertheless, EPS did not affect the

serum level of anti-CII IgM (not shown). Moreover, in

contrast to the model 1, EPS only slightly reduced inci-

dence and severity of CIA between days 28 and 36 (Fig. 9).

The Effect of EPS on the Development of Arthritis

Induced by mAb Specific to CII and LPS (Model 3)

Finally, we examined the effect of EPS on the development

of arthritis induced by intravenous administration of

monoclonal antibodies specific to CII followed by admin-

istration of a high dose of LPS (25 lg/mouse; Fig. 3). In

this model, onset of arthritis was observed on day two with

100 % incidence. EPS treatment did not prevent the

development of arthritis. Although EPS did not affect the

final incidence of CIA, the onset of symptoms of arthritis in

mice treated with EPS was delayed when compared with a

Fig. 6 The effect of EPS on collagen-specific antibody production

(Model 1). DBA/1 were mice immunized in the presence of LPS

(black bars n = 13) and/or with EPS (hatched n = 15/gray bars
n = 4, respectively). Mice were bled on day 63 (the end of the

experiment). Anti-CII IgG (a) and IgG1 (b) were measured in

individual mouse sera by ELISA. ***p \ 0.001 (Student’s t test)

Fig. 7 The effect of EPS on the development of CIA (Model 1).

DBA/1 were mice immunized in the presence of LPS without (closed
triangles n = 13) or with EPS (open circles n = 15). The symptoms

of arthritis (CIA incidence) (a) and severity of joint inflammation

(mean arthritis score) (b) were evaluated by visual observation. Data

from one representative out of three experiments are shown.

*p \ 0.05; **p \ 0.01; ***p \ 0.001 (Student’s t test)
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reference group. Moreover, the severity of joint inflam-

mation (CIA index, paw thickness) was reduced when mice

were given EPS (Fig. 10).

Discussion

The studies described above document the effects of sys-

temic administration of bacterial EPS on the development

of CIA in DBA/1 mice. We have examined EPS derived

Fig. 8 The effect of EPS on collagen-specific antibody production

(Model 2). Saline (black bars n = 8) or EPS (hatched bars n = 8)

was given to DBA/1 mice intraperitoneally. Blood was collected at

the end of the experiment (day 43). Collagen-specific antibodies: IgG,

IgG1, IgG2a were measured in serum by ELISA. Data from one

representative (out of three) experiment are expressed in arbitrary

ELISA unit (1 U = 1/100 titer of anti-CII antibodies). *p \ 0.05;

**p \ 0.01 (Student’s t test)

Fig. 9 The effect of EPS on the development of CIA (Model 2).

Saline (closed triangles n = 8) or EPS (open circles n = 8) was

given to DBA/1 mice intraperitoneally. Mice were examined for the

symptoms of arthritis (CIA incidence) (a) and severity of joint

inflammation (mean arthritis score) (b). Hind paws thickness was

measured every 2–3 days (untreated mice: closed diamonds; n = 5)

(c). *p \ 0.05 (Student’s t test)

Fig. 10 The effect of EPS on the development and severity of CAIA

(collagen-antibody-induced arthritis) (Model 3). Saline (closed trian-
gles n = 6) or EPS (300 lg/mouse; open circles n = 6) was given to

CAIA-induced DBA/1 mice intraperitoneally. Mice were examined

for the symptoms of arthritis (CIA incidence = 100 % on day 2) and

severity of joint inflammation: mean arthritis score (a), hind paws

thickness (b). *p \ 0.05; ***p \ 0.001 (Student’s t test)
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from L. rhamnosus KL37, an EPS of known chemical

structure (Lipiński et al. 2003). Recent experiments in our

laboratory demonstrated that L. rhamnosus KL37-derived

EPS affects the production of a variety of mediators by

peritoneal macrophages (Ciszek-Lenda et al. 2011). We

have also found that EPS strongly suppresses OVA-specific

humoral response in mice (unpublished data). In addition,

it has been reported that oral administration of live

L. rhamnosus and L. casei strains suppresses various types

of arthritis, including CIA in mice and rats (Sheil et al. 2004).

These data, along with studies demonstrating amelioration

of experimental colitis by EPS-producing lactobacilli

(Şengül et al. 2006), suggested that EPS might have anti-

arthritogenic potential.

In the present study, we have shown for the first time the

ability of lactic bacteria EPS to attenuate the clinical

symptoms of CIA. Interestingly, a protective effect of EPS

administration was observed in mice that received an ar-

thritogenic inoculum containing collagen (CII) and LPS,

and this effect was associated with a strong reduction in

titer of CII-specific IgG antibodies. Different mechanisms

have been proposed to explain the lactobacilli-dependent

amelioration of arthritis. These include inhibition of pro-

inflammatory mediators (cytokines, prostaglandins) and

modulation of collagen-specific humoral or cell-mediated

immune responses (Amdekar et al. 2011; Kato et al. 1998).

Little is known, however, about the immunoregulatory

properties of lactobacilli EPSs, the major components of

bacterial biofilm. Oral administration of EPSs resulted in

enhanced production of IgA in gut-associated lymphoid

tissue (GALT) (Vinderola et al. 2006). In contrast, a con-

sistent finding of the present study is a suppressive activity

of EPS on humoral responses, after systemic administration

to immunized mice. EPS in two unrelated antigen systems

(OVA, CII) significantly inhibited the production of

immunoglobulins, as measured by serum concentrations of

circulating antigen-specific antibodies. In an OVA model,

EPS inhibited the production of IgG, the predominant

immunoglobulin isotype of the secondary humoral

response. Interestingly, co-administration of EPS and LPS

abolished the adjuvant activity of the latter. Similar effects

were observed when EPS and LPS were administered by

different routes. Therefore, it is unlikely that EPS alters

antigen processing and interferes with LPS action at the

level of antigen-presenting cells. Rather, seems more likely

that the observed ‘‘anti-adjuvant’’ effect of EPS may be

caused by neutralization of the stimulatory effect of LPS on

B cells. It is well documented that LPS activates B cells for

enhanced production of antibodies, triggers secretion of

various kinds of mediators from inflammatory cells and

acts also as an adjuvant to induce autoimmune arthritis

(Cavallo and Granholm 1990; Yoshino et al. 2000). Nev-

ertheless, the precise molecular mechanism of inhibition of

humoral response by the systemic administration of EPS

remains unknown.

The suppressive potential of EPS on the antigen-specific

humoral response demonstrated in OVA system was con-

firmed in experimental models of type II CIA. The effect of

EPS on the production of anti-CII IgG, IgG1 and IgG2a

antibodies and on the development of CIA was examined,

and the results from different experimental models were

compared. The EPS treatment reduced significantly the

serum levels of IgG antibody to CII in both active immu-

nization models of CIA. The reduction of the CII-specific

humoral response was accompanied by a reduced devel-

opment of CIA. The amelioration of arthritis by EPS was

most pronounced when mice were immunized with CII and

LPS (model 1). The serum level of CII-specific IgG in this

experimental model was markedly lower than in the model

in which strong adjuvant (CFA) was used during the pri-

mary immunization (model 2). From these findings, we

hypothesize that the EPS-dependent reduction of anti-

collagen antibodies could result in inhibition of the

development of CIA in DBA/1 mice. Indeed, there are

many studies showing a close link between humoral

responses to collagen and disease severity (Marcinkiewicz

et al. 2007b; Nandakumar et al. 2003; Nowak et al. 2010;

Williams et al. 1998). In our experimental set-up, the

protective effects of EPS in model 1 of CIA were stronger

than in model 2, perhaps because of the very high serum

levels of CII-specific antibodies after using CFA as an

adjuvant. This interpretation is supported by the results

from model 3, in which acute arthritis is induced by passive

administration of massive amounts of anti-CII IgG2a

monoclonal antibodies. In this model EPS only slightly and

temporarily ameliorated arthritis, suggesting that EPS acts

predominantly via modulation of active immunization. To

explain mechanisms of EPS activities, studies on the effect

of highly purified EPS on secretory properties of immune

cells are being carried out in our laboratory.

In general, investigations on microbial long polysac-

charide molecules (including EPS) are at the preliminary

stage. Although the number of reports showing immuno-

modifying activity of microbial polysaccharides is grow-

ing, the underlying mechanism remains unclear.

Polysaccharide molecules of pathogenic bacteria shield

other cell surface molecules and prevent them from inter-

acting with host pattern recognition receptors (PRRs).

Probiotic bacteria polysaccharides might also shield other

cell surface molecules as shown for L. rhamnosus GG

polysaccharide (Lebeer et al. 2009). The direct interaction

of microbial polysaccharides with PRRs or co-receptors

cannot be excluded. It has been shown that polysaccharide

A of Bacterioides fragilis activates NF-jB signaling and

cytokine production in dendritic cells by Toll-like receptor

2-dependent mechanism modulating antigen presentation
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and CD4? T cell activation (Mazmanian et al. 2005). EPS

used in our study refers to a crude EPS and as a component

of bacterial biofilm may contain small amounts of other

molecules, e.g. DNA. Therefore, it is very difficult to

speculate, which receptor, if any, might be responsible for

immunoregulatory activities of EPS.

In conclusion, systemic administration of EPS resulted

in amelioration of active CIA that was associated with

reduced production of CII-specific antibodies. The stron-

gest effects of EPS were observed in a model of mild CIA,

in which production of anti-CII antibodies was moderate.

Therefore, EPS derived from L. rhamnosus KL 37 shows

promising suppressive and anti-arthritogenic properties. As

the beneficial effect was most pronounced when EPS

neutralized the arthritogenic activity of LPS, EPS may

have therapeutic potential in arthritis induced or exacer-

bated by Gram-negative bacterial infections. The

biological effects of probiotic bacteria are strongly strain

specific (Marcinkiewicz et al. 2007a), so further studies

with highly purified EPSs derived from other lactobacilli

strains are necessary. Our results may open new strategies

for probiotic therapies in autoimmune diseases such as

arthritis.
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Simelyte E, Isomäki P, Rimpiläinen M et al (2001) Cytokine

production in arthritis susceptible and resistant rats: a study with

arthritogenic and non-arthritogenic Lactobacillus cell walls.

Scand J Immunol 53:132–138

Arch. Immunol. Ther. Exp. (2012) 60:211–220 219

123
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