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K/BxN serum can transfer arthritis to normal mice owing to 
the abundant autoantibodies it contains, which trigger innate 
inflammatory cascades in joints. Little is known about wheth-
er gut-residing microbes affect host susceptibility to auto-
antibody-mediated arthritis. To address this, we fed C57BL/6 
mice with water containing a mixture of antibiotics (ampi-
cillin, vancomycin, neomycin, and metronidazol) for 2 weeks 
and then injected them with K/BxN serum. Antibiotic treat-
ment significantly reduced the amount of bacterial genomic 
DNA isolated from fecal samples, in particular a gene encod-
ing 16S ribosomal RNA derived from segmented filamentous 
bacteria. Arthritic signs, as indicated by the arthritic index 
and ankle thickness, were significantly attenuated in anti-
biotic-treated mice compared with untreated controls. 
Peyer’s patches and mesenteric lymph nodes from anti-
biotic-treated mice contained fewer IL-17-expressing cells 
than those from untreated mice. Antibiotic treatment re-
duced serum C3 deposition in vitro via the alternative com-
plement pathway. IL-17−/− congenic C57BL/6 mice were 
less susceptible to K/BxN serum-transferred arthritis than 
their wild-type littermates, but were still responsive to treat-
ment with antibiotics. These results suggest that gut-resid-
ing microbes, including segmented filamentous bacteria, in-
duce IL-17 production in GALT and complement activation via 
the alternative complement pathway, which cause the host to 
be more susceptible to autoantibody-mediated arthritis.
[Immune Network 2014;14(1):38-44]

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic inflammatory disease 

that mainly affects the synovial membranes, cartilage, and 

bone of diarthrodial joints (1). Patients with RA are charac-

terized by an abundance of autoantibodies, such as rheuma-

toid factors and anti-cyclic citrullinated peptide antibodies. 

Production of autoantibodies requires activation of self-re-

active T and B cells, which probably stems from breakdown 

of self-tolerance. Such autoantibodies play a central role in 

joint destruction by triggering the inflammatory responses 

mediated by Fc receptors (FcR) and complement factors. 

These pathogenic processes are relatively well reproduced in 

the K/BxN mouse model of RA.

  K/BxN TCR transgenic mice spontaneously develop severe 

arthritis, which requires the transgenic T cells that specifically 

recognize a self-peptide derived from glucose-6-phosphate 

isomerase (GPI) in the context of MHC I-A
g7

 and their cognate 

B cells (2). Plasma cells secreting GPI-specific Abs are crucial 

for triggering the disease, as evidenced by the fact that K/BxN 

serum alone can transfer the disease to naive mice (3). 

Autoantibodies abundant in K/BxN serum trigger innate in-

flammatory cascades in the joints, and adaptive immune re-

sponses are for this transient process (4). Therefore, in this 

model, adaptive autoimmune responses represent the ini-
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tiation phase of pathogenesis, which is followed by the distal 

effector phase, mediated by autoantibody-mediated innate in-

flammatory responses. Using the model of K/BxN se-

rum-transferred arthritis, we and other investigators have 

identified many genetic elements that are important for the 

innate effector function stage of arthritis (5,6). This stage re-

quires the activities of IL-1-β and TNF-α, but not of IL-6 

or IL-21. However, the influence of environmental factors on 

this stage largely remains to be defined.

  The gastrointestinal microbiota community is one of the 

most significant influences on the mucosal immune system in 

both humans and mice; the mucosal immune system seems 

to crosstalk continuously with gastrointestinal microbes (7). 

This interaction can alter the immune system either benefi-

cially or detrimentally for the host. For example, gut microbes 

contribute to the normal shaping of GALT, as evidenced by 

defective lymphocyte compartments and reduced levels of an-

tibodies in the GALT of germ-free mice (8-10). By contrast, 

gut-residing microbes can also perturb the steady state of 

GALT, causing the host to be susceptible to inflammatory dis-

eases (11,12). For example, introducing segmented fila-

mentous bacteria (SFB) into the gut of germ-free mice has-

tened the onset of arthritis by more than 5 weeks in K/BxN 

mice (13). This phenomenon was mediated by the induction 

of Th17 cells in the lamina propria. Although this study dem-

onstrated that SFB activates the initiation phase of auto-

immune arthritis, little is known about whether gut microbes 

also influence the effector phase of autoimmune arthritis.

  To address this issue, we undertook the present study us-

ing the model of K/BxN serum-transferred arthritis. We treat-

ed wild-type (WT) and IL-17−/− mice with antibiotics to de-

plete all Gram-positive, Gram-negative, and anaerobic bac-

teria from their guts. We found that mice treated with anti-

biotics were significantly less susceptible to serum-transferred 

arthritis than untreated mice, and that this susceptibility is 

probably conferred by both IL-17-dependent and -indepen-

dent mechanisms. Our results suggest that gut-residing bac-

teria, including SFB, confer increased susceptibility to the host 

to antibody-mediated inflammatory responses in the site 

where antibodies deposit.

MATERIALS AND METHODS

Mice
K/BxN mice were generated by crossing KRN TCR-transgenic 

mice on a C57BL/6 background with NOD mice (2). IL-17−/− 

C57BL/6 breeders were provided by Dr Y. Iwakura (University 

of Tokyo, Tokyo, Japan), and their progeny were maintained 

in the animal facility of Hanyang University. Six-to-sev-

en-week-old male C57BL/6 mice were purchased from 

Orient-Bio (Seongnam-si, Korea). All mice were kept under 

specific pathogen-free (SPF) barrier conditions of Hanyang 

University. The study was approved by institutional Animal 

Care and Use Committee.

In vivo treatment of mice
Mice were fed with water containing a mixture of antibiotics 

for 24 days. The mixture of antibiotics included 0.5 mg/ml 

ampicillin (Calbiochem; La Jolla, CA, USA), 1 mg/ml neo-

mycin (Calbiochem; La Jolla, CA, USA), 0.2 mg/ml vancomy-

cin (Korea United Pharm; Seoul, Korea), and 1 mg/ml metro-

nidazole (MP Biomedicals; Solon, OH, USA). The antibiotic 

mixture was replaced on a weekly basis. Serum was collected 

from 8∼12-week-old arthritic K/BxN mice. WT and IL-17
−/−

 

C57BL/6 mice that had been treated with antibiotics or ve-

hicle for 14 days were injected intraperitoneally (i.p.) with 

200μl of K/BxN serum. Arthritic symptoms were evaluated 

every 2 days for a total of 10 days in a blinded manner, and 

disease severity was evaluated using a previously described 

scoring system (14). In this system, the maximum score per 

mouse is 16, and scores are expressed as the mean arthritic 

index on a given day. The thickness of both hind paw ankles 

was measured axially across the malleoli using a caliper 

(Mitutoyo; Kanagawa, Japan).

Purification of bacterial genomic DNA and PCR
Fecal pellets were collected from each mouse that had been 

treated with antibiotics or their vehicles for 14∼24 days, and 

bacterial genomic DNA was purified from the pellets using 

the Stool DNA Extraction Kit (Bioneer; Seoul, Korea) accord-

ing to the manufacturer’s instructions. The 16S rRNA gene 
specific for SFB was amplified by PCR and normalized to the 

level of the total bacterial (EUB) 16S rRNA gene. PCR con-

ditions were as follows: 30 cycles of 94oC for 30 s, 58oC for 

30 s, and 72
o
C for 30 s. The PCR primers had the following 

sequences: EUB forward, 5'-ACT CCT ACG GGA GGC AGC 

AGT-3' and EUB reverse, 5'-ATT ACC GCG GCT GCT GGC-3'; 

SFB forward, 5'-GAC GCT GAG GCA TGA GAG CAT-3' and 

SFB reverse, 5'-GAC GGC ACG GAT TGT TAT TCA-3'.

Cytokine detection by FACS
Ten days after serum injection, mesenteric lymph nodes 
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Figure 1. Treatment with antibiotics decreases gut-residing bacteria, 
including SFB. WT and IL-17−/− (IL-17KO) mice were fed with 
antibiotics (αB)- or vehicle-containing water for 14∼24 days and 
fecal pellets were collected from each mouse. Bacterial genomic 
DNA was purified from the fecal samples. (A) The amounts of total 
bacterial genomic DNA per mg of fecal materials are shown. (B) The 
16S rRNA gene specific for SFB was amplified by PCR and 
normalized with amplification of the total bacterial (EUB) 16S rRNA 
gene. n=2 per group. Data are representative of two independent 
experiments.

(mLNs) and Peyer’s patches were harvested from the mice 
post mortem. To obtain single cell suspensions of lympho-

cytes, mLNs were treated as described previously (6), and 

Peyer’s patches were ground, digested with Brenzyme 
Liberase (Roche; Germany) for 45 min at 37oC, and filtered 

through a 70-μm-pore-sized strainer. Aliquots of the single 

cell suspensions were stimulated with 20 ng/ml phorbol myr-

istate acetate (PMA) and 1μM ionomycin (both from 

Sigma-Aldrich; St. Louis, MO, USA) for 6 h and were surface- 

or intracellularly stained as previously described (6), followed 

by FACS analyses. The mAbs used for this study were as fol-

lows: anti-CD4-PerCP and anti-IL-17-PE were purchased from 

BD Biosciences (San Jose, CA, USA), and anti-IFN-γ-FITC 

and anti-CD44-APC were purchased from eBioscience (San 

Diego, CA, USA). Data were acquired with a BD FACS Canto 

II (BD Biosciences) and analyzed with FACS Diva software.

Analysis of C3 deposition via the alternative com-
plement pathway
An aliquot of mouse serum (2μl) was added to 90μl PBS 

containing 10
7
 zymosan particles (ICN Biomedicals; Aurora, 

OH, USA), 10 mM EGTA, and 5 mM MgCl2, and incubated 

for 20 min at 37oC. The reaction was stopped with 10 mM 

EDTA. The zymosan particles were washed with FACS buffer 

(PBS containing 1% BSA and 0.1% sodium azide), incubated 

with anti-mouse C3-FITC (ICN Biomedicals), and analyzed by 

FACS.

RESULTS 

Treatment with antibiotics decreases gut-residing bac-
teria including SFB
Even mice housed under SPF barrier conditions harbor tril-

lions of commensal microbes in their guts. To remove these 

gut microbes, we treated mice with a mixture of antibiotics 

including ampicillin, vancomycin, neomycin, and metronida-

zole. Ampicillin and vancomycin target Gram-positive bac-

teria; neomycin and metronidazole target Gram-negative and 

anaerobic bacteria, respectively (13). After feeding the mice 

with antibiotics for 14 days, fecal pellets were collected from 

each mouse and assayed to quantify the bacterial genomic 

DNA. The total amount of bacterial genomic DNA was sig-

nificantly lower after antibiotic treatment in both WT and 

IL-17
−/−

 mice, indicating that antibiotics efficiently reduced 

gut microbiomes in both strains of mice (Fig. 1A). Interest-

ingly, without antibiotic treatment, bacterial genomic DNA 

levels were significantly lower in the fecal samples from 

IL-17−/− mice than from WT mice. Therefore, IL-17 defi-

ciency seems to reduce the growth of bacterial colonies in 

the gut.

  Because SFB is known to induce Th17 cells in the lamina 

propria (13,15), we assessed whether the mice in this study 

had SFB in their guts by amplifying the 16S rRNA gene specif-

ic for SFB. We detected the 16S rRNA gene of SFB in the 

microbiome isolated from naive WT mouse feces, but not in 

the microbiome of antibiotic-treated WT mice (Fig. 1B). We 

also failed to detect the 16S rRNA gene of SFB in fecal sam-

ples from IL-17
−/−

 mice, regardless of whether they had been 

treated with antibiotics. This result demonstrated that anti-

biotic treatment reduced the residence of gut bacteria and de-

pleted SFB from WT mice. In addition, this finding showed 

that IL-17 deficiency is associated with the absence of SFB 

in the gut.

Antibiotic-treated mice are less susceptible to K/BxN 
serum-transferred arthritis than untreated mice
To determine whether gut-residing bacteria affect the ability 

of autoantibodies to induce innate synovitis, we transferred 

K/BxN serum to mice pretreated with antibiotics (Fig. 2A). 
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Figure 2. Treatment with antibiotics makes mice resistant to K/BxN 
serum-transferred arthritis. WT and IL-17−/− (IL-17KO) mice were fed 
with antibiotics (αB)- or vehicle-containing water from day 0 to day 
24. The mice were injected i.p. with K/BxN serum on day 14 and 
sacrificed on day 24. (A) Experimental scheme. (B) Data combined 
from two separate experiments (total n=4-5 per group). Data are 
presented as means±SEM. Differences between groups were 
evaluated by the unpaired Student’s t-test. p-values are reported for 
statistically significant differences between groups (＜0.05). *p＜0.05, 
**p＜0.01, and ***p＜0.001 when comparing WT with IL-17KO. ‡p
＜0.05, ‡‡p＜0.01, and ‡‡‡P＜0.001 when comparing WT with αB 
WT. 

Figure 3. Profiles of cytokine-producing cells in Peyer’s patches and 
mLNs from antibiotic-treated mice. WT and IL-17−/− mice that were 
treated with antibiotics (αB) or untreated were sacrificed 10 days after 
K/BxN serum transfer. Lymphocytes were extracted from the Peyer’s
patches (A) and mLNs (B) of those mice and assayed by intracellular 
FACS. Dot plots are representative of two mice and the percentage 
of cytokine-producing cells is expressed as the mean±SEM of each 
group. One representative result of two independent experiments is 
shown.

WT mice pretreated with antibiotics had a significantly lower 

mean arthritic index and mean ankle thickness than untreated 

WT mice (Fig. 2B). IL-17
−/−

 mice were significantly less sus-

ceptible to arthritis induction than WT mice, and arthritic 

signs were further decreased in response to antibiotics. 

Therefore, it is likely that depletion of gut-residing microbes 

causes the host to be less sensitive to innate effector functions 

of autoantibodies and that these responses are in part medi-

ated by IL-17.

Antibiotic treatment reduces the fraction of IL-17- 
producing cells in Peyer’s patches and mLNs
We next assessed whether gut microbes induce the develop-

ment of IL-17-producing cells in GALT. To achieve this, we 

observed IL-17-expressing cells within Peyer’s patches and 
mLNs of antibiotic-treated or untreated mice. The proportion 

of cells extracted from Peyer’s patches that produced IL-17 

was significantly lower in antibiotic-treated mice than in their 

untreated counterparts (Fig. 3). By contrast, the fraction of 

IFN-γ-producing cells was higher after antibiotic treatment, 

presumably reflecting the antagonism between Th1 and Th17 

cells. This bias was also observed in mLNs, albeit to a lesser 

extent than in Peyer’s patches; the proportions of IL-17- and 

IFN-γ-producing cells in the CD4
＋

CD44
＋

 cell population de-

creased and increased, respectively, after antibiotics treat-

ment. We did not observe any difference in the proportions 

of these cytokine-producing cells in joint-draining LNs or in 

spleens between antibiotic-treated and untreated groups (data 

not shown). Therefore, gut-residing microbes seem to pro-

mote the emergence of IL-17-producing cells specifically in 

GALT. Because IL-17−/− mice were less arthritic than WT 
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Figure 4. C3 deposition via the alternative complement pathway is 
decreased in the serum of antibiotic-treated mice. WT and IL-17−/−
(IL-17KO) mice were fed with antibiotics (αB)- or vehicle-containing 
water for 14 days and injected i.p. with K/BxN serum. Serum was 
collected from individual mice 6 days after K/BxN serum transfer. An 
aliquot of mouse serum was incubated with zymosan particles, and 
C3 binding on the surface of zymosan was assayed by FACS. The 
histograms are representative of four mice per group.

mice, as shown in Fig. 2, IL-17 provision associated with gut 

microbes might exacerbate antibody-induced joint inflam-

mation.

C3 deposition via the alternative complement path-
way is decreased in the serum of mice treated with 
antibiotics
One of the mechanisms by which autoantibodies cause innate 

inflammation is complement activation. In particular, the al-

ternative complement pathway, but not the classical comple-

ment pathway, is involved in the pathogenesis of K/BxN se-

rum-transferred arthritis (4). We examined whether the re-

duced susceptibility to arthritis caused by antibiotics was asso-

ciated with the alternative complement pathway. To this end, 

serum from antibiotic-treated or untreated mice was assayed 

to determine the extent of C3 deposition on the surface of 

zymosan. In WT mice, K/BxN serum transfer increased the 

fraction of C3-bound zymosan, which was reduced by anti-

biotic treatment (Fig. 4). However, IL-17
−/−

 mice did not re-

spond to the K/BxN serum transfer in terms of C3 activation. 

Thus, antibiotic treatment of WT mice reduces the activation 

of the complement system via the alternative complement 

pathway that is crucial for induction of serum-transferred 

arthritis. In addition, this finding demonstrates that IL-17 defi-

ciency is associated with impaired C3 activation.

DISCUSSION

In the present study, we found that antibiotic-treated mice are 

more resistant to K/BxN serum-transferred arthritis, suggesting 

that gut-residing microbes increase the host’s susceptibility to 
autoantibody-mediated innate inflammation. The mechanisms 

underlying this phenomenon seem to include the induction 

of IL-17-producing cells, including Th17 cells, in GALT and 

C3 activation via the alternative complement pathway. We al-

so found that, in addition to antibiotics, IL-17-deficiency caus-

es mice to be less susceptible to the induction of arthritis. 

Moreover, antibiotic treatment further reduced the arthritic 

symptoms of IL-17−/− mice. These findings imply that se-

rum-transferred arthritis is mediated by both IL-17-dependent 

and -independent mechanisms, both of which can be 

blocked, in part, by the action of antibiotics.

  IL-17 can be produced by diverse cell types, including 

Th17 cells, γδ T cells, mast cells, and innate lymphoid cells 

(16-18). We identified that the IL-17-producing cells within 

mLNs were marked as CD4
＋

CD44
＋

, indicative of Th17 cells. 

However, the cellular source of IL-17 in Peyer’s patches was 

unclear, because this tissue did not contain sufficient CD4＋ 

T cells for analysis. IL-17, regardless of its cellular source, can 

recruit and activate neutrophils and/or directly provide help 

to B cells (19-21). Given that neutrophils are known to have 

an important role in the pathogenesis of serum-transferred ar-

thritis (22), it is likely that gut microbe-driven IL-17 pro-

duction enables neutrophils to participate in joint inflam-

mation.

  The complement system constitutes another mechanism of 

triggering local tissue inflammation. Microbial infection read-

ily and spontaneously activates and deposits C3 on the sur-

face of microbes, but it was not known whether commensal 

microbes also activate the complement pathways. We ad-

dressed this issue by demonstrating that C3 deposition, which 

occurred spontaneously in normal naive mice, was decreased 

in response to antibiotic treatment. Therefore, complements 

seem to serve as messengers that transfer signals from gut-re-

siding bacteria to the host, leading to the perturbation of im-

mune homeostasis of the host.

  There is evidence linking complements with Th17 cells 

(23-25). Complement C5a promoted autoimmune arthritis in 

SKG mice by indirectly inducing Th17 cell development (24). 

However, conflicting results have been reported: C5a reduced 

Th17 cell differentiation and allergic asthma, while C3a pro-

moted Th17 differentiation (25). Therefore, it appears that the 
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extent of complement activation can have a positive or neg-

ative influence on the emergence of Th17 cells depending on 

the context. We found that complement activity is, in turn, 

dependent on the presence of IL-17, as shown by the ob-

servation that IL-17-deficient mice demonstrated lower levels 

of C3 deposition than IL-17-replete mice in response to 

K/BxN serum transfer. Therefore, communication between 

the complement system and IL-17 might be bidirectional. 

Bidirectional mutualism was also observed between IL-17 and 

the gut microbiome. In addition to gut microbiome-driven in-

duction, IL-17 appears to induce bacterial colony expansion, 

since IL-17
−/−

 mice contained lower amounts of gut micro-

biome than their WT littermates. This suggests that IL-17 pro-

vides a survival niche for bacterial colonization.

  In summary, we demonstrate here that antibiotics targeting 

gut-residing microbes, including SFB, decrease host suscepti-

bility to autoantibody-mediated arthritis via IL-17-dependent 

and -independent mechanisms. This finding demonstrates that 

gut-residing microbes regulate the susceptibility of the host 

to distal effector functions of autoantibody-mediated inflam-

mation in joints.
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