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Abstract 

Rheumatoid arthritis (RA) is a chronic autoimmune disorder affecting joints with a hallmark of autoantibody produc-
tion. Mannan-enhanced collagen type II (COL2) antibody induced arthritis (mCAIA) in neutrophil cytosolic factor 
1(Ncf1) mutation mouse is a chronic disease model imitating RA in mice. In this study, we characterize the chronic 
phase of mCAIA in Ncf1 mutated (BQ.Ncf1m1j/m1j) mice. Arthritis was induced by an intravenous injection of anti-COL2 
monoclonal antibodies on day 0 followed by intra-peritoneal injections of mannan (from Saccharomyces cerevisiae) on 
days 3 and 65 in BQ.Ncf1 m1j/m1j and BQ mice. Bone erosion was analysed by computed tomography (CT) and blood 
cell phenotypes by flow cytometry. Cytokines and anti-COL2 antibodies were analyzed with multiplex bead-based 
assays. The arthritis in the Ncf1m1j/m1j mice developed with a chronic and relapsing disease course, which was followed 
for 200 days and bone erosions of articular joints were evaluated. An increased number of circulating  CD11b+  Ly6G+ 
neutrophils were observed during the chronic phase, together with a higher level of G-CSF (granulocyte colony-stim-
ulating factor) and TNF-α. In conclusion, the chronic relapsing arthritis of mCAIA in the Ncf1m1j/m1j mice develop bone 
erosions associated with a sustained neutrophil type of inflammatory responses.
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Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune 
disorder, characterized by joint inflammation, bone 
destruction and joint pain [1]. The disease is strongly 
associated with certain major histocompatibility com-
plex haplotypes, indicating an important role for T cells 
[2, 3]. The presence of autoreactive antibodies in blood is 
a hallmark of the disease. Antibodies to immunoglobu-
lin (rheumatoid factors, RF) and to citrullinated proteins 

(anti-citrullinated protein antibodies, ACPA) can be 
detected years before the clinical onset and are sustained 
during the chronic disease development [4–6]. Inflam-
mation is mainly affecting the peripheral cartilaginous 
joints but antibodies to cartilage proteins, such as type II 
collagen (COL2), are detectable for the first time around 
the onset of arthritis [7, 8] and are more enriched in the 
synovial fluid compared to blood [9]. Anti-COL2 anti-
bodies are pathogenic, as observed in the collagen anti-
body induced arthritis (CAIA) animal model [10–13].

RA is a chronic disease preceded by three distinct 
phases [14]. The disease process is likely initiated by auto-
immune priming leading to increased levels of antibodies 
to citrullinated proteins and rheumatoid factors in blood, 
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followed several years later by an onset of joint inflamma-
tion and the development of a chronic relapsing arthritis 
characterized by inflammatory bone erosions and joint 
deformity. The typical CAIA model, induced in mice with 
or without injection of LPS (Lipopolysaccharide) [15], is 
a largely acute animal model with a disease course lim-
ited to 3–4 weeks. We recently reported a new variant of 
the CAIA model, induced with anti-COL2 antibodies and 
an intraperitoneal (i.p.) injection of mannan, in neutro-
phil cytosolic factor 1 (Ncf1) mutated mice (Ncf1 m1j/m1j), 
named mannan-enhanced CAIA (mCAIA) [16].

The Ncf1 protein plays a critical role in the generation 
of NADPH oxidase 2 (NOX2) complex, the main inducer 
of reactive oxygen species (ROS). Polymorphisms in the 
Ncf1 gene, leading to a deficient ROS response, has been 
shown to be a major genetic factor in both experimen-
tal [17, 18] and human chronic autoimmune diseases 
[19–21].

NOX2 released ROS plays a regulatory role in chronic 
autoimmune disease but it may operate through several 
different mechanisms [22]. The CAIA model is for exam-
ple regulated by Ncf1 differently at various phases, which 
depend on how the disease is enhanced by a secondary 
injection of adjuvant [23]. Interestingly, the enhancement 
of arthritis induced by LPS in the CAIA model is coun-
teracted by the Ncf1 mutation [23], but is more severe if 
enhanced by mannan [16]. We have earlier shown that 
mCAIA is not dependent on the activation of the adap-
tive immune system (T and B cells) and does not require 
FcγRIII but is instead driven by macrophages deficient 
in ROS production [16]. Herein, we further investigate 
the mCAIA model whether ongoing active inflammation 
and destruction of joints occur during the chronic phase, 
similar to RA.

Results
Induction of mCAIA
RA is a chronic inflammatory disease affecting humans. 
To resemble RA, the mouse model developed should 
have a long-term and severe arthritis phenotype. There-
fore, in this study, mCAIA with a chronic disease induced 

by anti-COL2 antibodies and mannan was selected and 
characterized. To induce mCAIA, monoclonal antibodies 
were purified, quantified, sterilized, and the concentra-
tions were determined (Table 1). BQ.Ncf1*/* and BQ mice 
were i.v. injected with the monoclonal antibody cocktail 
M2139 + UL1 + ACC1 (1:1:1, 9 mg total IgG) to induce 
mCAIA on day 0. As a control, G11 + L243 (2:1, 9 mg 
total IgG) were injected into a separate group of mice. 
Mannan was i.p. injected on days 3 and 65. After mCAIA 
induction, arthritis score and incidence were recorded 
all along the experiment. BQ.Ncf1*/* mice, but not BQ 
mice, developed an early onset of severe arthritis with a 
high disease incidence followed by a chronic and relaps-
ing disease course [Fig. 1a and b]. The affected joints had 
classical signs of arthritis such as redness, swelling and 
deformity [Fig. 1c]. The data showed that we successfully 
established the mCAIA with chronic phase with severe 
arthritis in Ncf1 mutated mice.

Bone erosions in the chronic phase of mCAIA
Bone loss and joint destructions are characteristic fea-
tures of the disease in a RA patient. We anticipated that 
similar phenomenon could be observed in the chronic 
phase of Ncf1*/* mCAIA. Therefore, we observed the 
chronic phase of disease development for 200 days after 
the injection of antibodies and analyzed bone erosions 
using micro-CT [Fig.  2a-c]. Ratio of bone volume/total 
volume and ankle angle, ratio of bone surface area/bone 
volume and ankle width, trabecular number and thick-
ness, trabecular spacing were measured and analyzed. 
The ratio of bone volume/total volume and ankle angle in 
BQ.Ncf1*/* mice was lower than in the BQ mice [Fig. 2d 
and g]. Both the ratio of bone surface area/bone volume 
and ankle width of BQ.Ncf1*/* mice were higher than the 
BQ mice in the chronic phase [Fig.  2e and f ]. In addi-
tion, the trabecular bone damage was more severe in the 
BQ.Ncf1*/* mice than in the BQ mice [Fig. 3a]. Trabecu-
lar number and thickness were decreased but trabecular 
spacing was increased in BQ.Ncf1*/* mice compared to 
BQ mice [Fig. 3b-e]. These data showed that joint bones 

Table 1 Total IgG and anti-COL2 specific IgG concentrations after purification from mouse ascitic fluid

Clone Anti-COL2 epitope Subtype Anti-COL2 specific IgG (mg/
ml)

Total IgG (mg/ml) Ratio (anti-COL2 
specific IgG/total 
IgG)

M2139 J1 IgG2bκ 2.2 10.7 0.2

UL1 U1 IgG2bκ 4.8 24.9 0.2

ACC1 C1 IgG2a 3.5 7.7 0.5

G11 / IgG2bκ / 8.3 /

L243 / IgG2a / 12.3 /
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are eroded during the development of chronic arthritis in 
the BQ.Ncf1*/* mice.

Neutrophils and inflammatory cytokines increased 
in the chronic phase
In RA, neutrophils are frequently occurring at the 
onset and occasionally also during the development of 
chronic arthritis [24]. Importantly, an increased level 
of neutrophils in blood were reported in chronic RA 
patients. We supposed that a similar increase in the 
level of neutrophils in blood could be observed in the 
chronic phase of mCAIA in BQ.Ncf1*/*mice. To clarify 
if the chronic arthritis was accompanied with a sus-
tained activation of inflammatory cells, we analyzed 
the numbers of neutrophils  (CD11b+Ly6G+ cells) in 
the blood from mCAIA mice.  CD11b+Ly6G+ cells are 
considered as neutrophils in the mice [25, 26]. In the 
chronic phase (day 100–200) of mCAIA, the number 
of  CD11b+Ly6G+ neutrophils in BQ.Ncf1*/* mice was 
higher than in the BQ mice [Fig. 4a-c]. To confirm the 
increase of the systemic inflammatory responses during 

the chronic phase, we investigated the levels of inflam-
matory cytokines (G-CSF, M-CSF, GM-CSF, TNF-α, 
MIP-1a, and MIP-1b) in the blood. The concentration 
of G-CSF in sera was increased [Fig.  5], which agrees 
with the increased numbers of neutrophils reported 
earlier [27, 28]. We also observed an increase in TNF-α 
[Fig.  5], which is commonly seen during a chronic 
inflammation condition [29, 30]. Compared to the 
wild type mCAIA mice, which recovered from arthri-
tis and had blood neutrophils returning to normal lev-
els at day 100, BQ.Ncf1*/* mCAIA had increased levels 
of blood neutrophils during the chronic phase. Along 
with this abnormal increase in neutrophils, a high level 
of G-CSF was observed in the chronic phase of mCAIA 
in BQ.Ncf1*/*. G-CSF, which can stimulate the survival, 
proliferation, differentiation, and function of neutro-
phil precursors and mature neutrophils, may be one of 
the main reasons for the observed abnormal increase in 
neutrophils during the chronic disease phase. However, 
the mechanisms behind the observed abnormal G-CSF 
level remains unclear.

Fig. 1 Chronic arthritis developed in the BQ.Ncf1*/* mice after injection of anti-COL2 antibodies and mannan. BQ.Ncf1*/* mice and BQ mice were 
i.v. injected with anti-COL2 antibody cocktail containing M2139 + UL1 + ACC1 (3 mg each) or the isotype antibody cocktail of G11 (6 mg) + L243 
(3 mg) as a control on day 0 and 4 mg of mannan was injected i.p. on days 3 and 65. (In this project, we injected anti-COL2 antibodies into 10 
BQ.Ncf1*/* mice and 8 BQ mice in total. For other groups, n = 5–8. a Arthritis score, (b) Disease incidence and (c) Ankle morphology in the anti-COL2 
antibody cocktail injected BQ.Ncf1*/* mice and BQ mice. Black arrows indicate i.p. injection of 4 mg of mannan each time per mouse, total 2 times. 
The two-tailed Mann-Whitney U test was used to calculate the level of significance. BQ.Ncf1*/* AA+M vs BQ AA+M: ***, p <  0.001. Values shown are 
mean ± SEM
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The injected anti-COL2 antibodies were detectable on day 
100 but not on day 200
In our previous study, synthesis of new anti-COL2 anti-
bodies was observed in CAIA model [16]. To under-
stand whether anti-COL2 antibodies could contribute 
to the chronic phase of mCAIA in BQ.Ncf1*/* mice, we 
measured the levels of the injected antibodies at days 30, 
100, and 200 [Fig.  6, Table  2]. For the detection of spe-
cific antibodies, we used synthetic triple-helical peptides 
(J1 and U1 epitopes) [Fig. 6a] [31]. The specificity of the 
M2139 antibody to GFS-4 peptide and the UL1 antibody 
to GFS-10 peptide was observed [Fig.  6b]. During the 
active chronic arthritis period, J1 epitope specific M2139 
antibody and U1 epitope specific UL1 antibody were still 
detectable at day 100, albeit at very low levels, but none 
of the antibodies were detectable at day 200 [Fig. 6c]. It 
seems that new anti-COL2 antibody generation in the 

chronic phase of mCAIA in BQNcf1*/* mice is negligi-
ble. However, interestingly, in the corresponding wild 
type mice, with less chronic arthritis, the UL1 antibodies 
could still be detected at day 200, indicating that a func-
tional Ncf1gene, or the absence of active arthritis, may be 
required for the longer half-life of injected antibodies.

Discussion
RA is a chronic and relapsing autoimmune disease but 
most disease models are mainly focused on the earlier 
preclinical stage of the disease, just before and after the 
onset of arthritis. We have earlier described a more rel-
evant model for the chronic stage, which is induced with 
a combination of anti-COL2 antibodies and mannan 
in mice deficient for ROS production [16]. As shown in 
Fig. 1, we have successfully induced chronic mCAIA dis-
ease in the BQ.Ncf1*/* mice but not in the wild type mice. 

Fig. 2 Bone damage in BQ.Ncf1*/* mouse paws during chronic arthritis. BQ.Ncf1*/* mice and BQ mice in mCAIA group (14–16 weeks old, n = 4) and 
naïve group (n = 3) on day 200. a Arthritis score, (b) Disease incidence from day 100 to 200. c Representative images of mouse paws on day 200. 
Bone volume / Total volume (BV/TV) (d), Bone surface area / Bone volume (BS/BV) (e), ankle width (f) and ankle angle (g) in the distal region of the 
tibia were analyzed. Black arrows indicate i.p. injection of 4 mg of mannan each time per mouse, total 2 times. The data shown are mean ± SEM. The 
two-tailed Mann-Whitney U test was used to calculate the level of significance. BQ.Ncf1*/* AA+M vs BQ AA+M: *, p <  0.05, **, p < 0.01, ***, p < 0.001
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Reduced level of ROS is an important factor in mannan-
inducing mCAIA disease. The induced chronic arthritis 
lasted for at least 200 days, accompanied with a systemic 
inflammatory response associated with active joint ero-
sions. Compared to the LPS-enhanced CAIA, which 
lasted for 20–30 days in general, mannan-enhanced 
CAIA in Ncf1*/* mice was prolonged for longer period, 
closely reflecting the disease status of RA in humans. In 
Figs. 2 and 3, we evaluated the bone erosion parameters 
in the mCAIA using micro-CT and showed a reduc-
tion in ROS can enhance the trabecular bone loss. As 
depicted in Fig.  4, an abnormal increase in the level of 
neutrophils (CD11b + Ly6G+ cells) was observed in the 
chronic phase of mCAIA in BQ.Ncf1*/* mice, similar to 
an increased neutrophils levels in the blood and synovial 
fluid from RA patients. Sustaining a high level of neu-
trophil levels may reflect the observed chronic inflam-
mation in the mCAIA model. In Fig. 5, we explored the 
reason for such an increase in the level of neutrophils 
during chronic disease period. Interestingly, a high level 
of G-CSF was detected in the plasma samples from the 
Ncf1*/* associated mCAIA during the chronic phase sug-
gesting a high level of blood G-CSF may be contribut-
ing to the observed abnormal increase in neutrophils. 
In addition, we also detected an abnormal increase in 

TNF-α during chronic phase of mCAIA in BQ.Ncf1*/* 
mice.

Chronic arthritis is known to develop independent of 
the adaptive immune system as it develops in mice defi-
cient in B cells or αβ-T cells [16]. It is also independent 
of FcgRIII [16] and, as shown here, the injected arthri-
togenic anti-COL2 antibodies. Thus, active bone ero-
sions during chronic arthritis can develop without B 
and T cells or autoantibodies, factors that are known to 
promote osteoclast activation and bone erosions [32]. 
Interestingly, chronic arthritis and bone erosions devel-
oped only in mice lacking the capacity to produce ROS, 
due to a profound deficiency in Ncf1 functionality caused 
by one nucleotide mutation [16]. Importantly, polymor-
phism of the Ncf1 gene, either through a single nucleo-
tide polymorphism or by a copy number variation, has 
been shown to be a major genetic cause of autoimmune 
diseases such as systemic lupus erythematosus and RA 
[20] and similar to mutations in mice and rats, the muta-
tion in the human Ncf1 gene leads to NOX2 dysfunc-
tion. In SLE the Ncf1 gene is in fact the most important 
genetic factor but in RA the dominating genetic asso-
ciation are with the major histocompatibility complex 
region 2 (MHCII). In fact, the important role of MHCII 
alleles is shared with several animal models for RA, 

Fig. 3 Distal tibial fractures damaged in the chronic phase of mCAIA in BQ.Ncf1*/* mice. Micro-CT of BQ.Ncf1*/* and BQ mCAIA (14–16 weeks old, 
n = 4) and naïve (n = 3) mice distal tibial fractures on day 200. a Micro-CT images of distal tibial fractures. b Trabecular number (Tb.N), (c) Trabecular 
thickness (Tb.Th), (d) Trabecular spacing (Tb.Sp), and (e) Trabecular pattern factor (Tb.Pf ). The data shown are mean ± SEM. The two-tailed 
Mann-Whitney U test was used to calculate the level of significance. BQ.Ncf1*/* AA+M vs BQ AA+M: *, p < 0.05, **, p < 0.01, ***, p < 0.001
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such as pristane induced arthritis and CIA [33, 34] [16]. 
MHCII codes for peptide receptors of key importance 
for the activation of antigen specific  CD4+ T cells, a key 
interaction for causing specific antibody generation and 
believed to be important for the production of both anti-
bodies to COL2 and ACPA [34–36]. However, our pre-
vious research has shown that induced arthritis was not 
different between mCAIA induced in the RAG-deficient 
Ncf1*/* mice (with deficiency of the recombination acti-
vating gene, lacking B cells, αβ-T cells and natural killer T 
cells) and RAG-sufficient Ncf1*/* mice [16]. It seems that 
Ncf1 polymorphism can help induction of mCAIA with-
out interaction with MHCII genes. More precisely, the 
causative role of the Ncf1 mutation has been shown to be 
mediated by macrophages [16], or rather cells expressing 
CD68. This also involves macrophages developing into 
osteoclasts, but it remains to be investigated whether 
Ncf1 deficient osteoclasts can independently be more 
highly activated, or rather, if ROS plays a regulatory role 

in macrophages to prohibit them from developing into 
osteoclasts. An alternative explanation could be that over 
activated, ROS-deficient, macrophages could activate a 
chronic stimulation of fibroblasts, a pathway that have 
been suggested to lead to chronic disease development in 
RA [37].

The pathogenic driving forces behind the chronic 
active arthritis in RA are still not known, an issue that 
is certainly difficult to address conclusively. More sur-
prisingly there is also limited knowledge in animal 
models, mainly due to that chronicity in animal mod-
els are rarely addressed. It should be emphasized, how-
ever, that chronic development of arthritis could have 
several different driving forces. Apart from fibroblasts 
and macrophages discussed above there is no reason to 
exclude the involvement of the adaptive immune sys-
tem in driving chronic arthritis in RA or in some animal 
models for RA [38]. In our previous study, we found no 
difference in the development of mCAIA between the 

Fig. 4 Increase of neutrophils in the chronic phase of mCAIA in BQ.Ncf1*/* mice. FACS was performed using the blood lymphocytes on days 0 
(naive) (n = 6–8), 30, 100 (n = 8–10) and 200 (n = 3–4). a Flow cytometry scatter plot. b Comparison of percentage of  CD11b+Ly6G+ cells present 
in the blood between BQ.Ncf1*/* mice and BQ mice on different days. c The percentage of  CD11b+Ly6G+ cells present in the blood samples from 
different groups on day 100. The data shown are mean ± SEM. The two-tailed Mann-Whitney U test was used to calculate the level of significance. 
BQ.Ncf1*/* AA+M vs BQ AA+M: *, p < 0.05, **, p < 0.01, ***, p < 0.001
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Fig. 5 Levels of inflammatory cytokines in the chronic phase of mCAIA in BQ.Ncf1*/* mice. Serum G-CSF, M-CSF, GM-CSF, TNF-α, MIP-1a, and MIP-1b 
in mCAIA on days 0 (naïve) (n = 5–6), 30 (n = 8), 100 (n = 8–10) and 200 (n = 3–4) and serum G-CSF and TNF-αon day 100 in AA + M (n = 8–9), 
IA + M (n = 4), P + M (n = 4) and naïve group (n = 6–8). (AA: anti-COL2 antibodies; IA: isotype antibodies; M: mannan; P: PBS). The data shown are 
mean ± SEM. The two-tailed Mann-Whitney U test was used to calculate the level of significance. BQ.Ncf1*/* AA+M vs BQ AA+M: *, p < 0.05; **, 
p < 0.01; ***, p < 0.001

Fig. 6 M2139 and UL1 antibodies are not detectable in the chronic phase of arthritis in BQ.Ncf1*/* mice. The peptide sequence and the specificity of 
the injected antibodies (M2139 and UL1) are shown in (a) and (b), respectively. c The levels of M2139 and UL1 in the serum (1:50 dilution) from AA 
+ M, IA + M, P + M and naïve groups on days 30, 63, 100 and 200. The data shown are mean ± SEM. The two-tailed Mann-Whitney U test was used 
to calculate the level of significance. BQ.Ncf1*/* AA+M vs BQ AA+M: *, p < 0.05; **, p < 0.01; ***, p < 0.001
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RAG-deficient Ncf1*/* mice and RAG-sufficient Ncf1*/* 
mice [16]. It seems that the participation of the adaptive 
immune system is not necessary for the onset and dura-
tion of chronic phase of Ncf1*/* mCAIA. However, only 
4–6% of RA patients harbor the Ncf1 mutation [16]. 
Moreover, RA has three stages, which are autoimmune 
priming in healthy individual stage, clinical onset stage 
and chronic inflammation stage respectively. How the 
inflammation turn into chronic phase is far from clear. 
Whether the adaptive immune system participate into 
the chronic phase remains unknown, there are many 
types of gene alterations suggested to be associated with 
RA, such as HLA-DRB1, PTPN22, AFF3, CD28, CD40, 
and CTLA4 [3].

Immunization of autologous COL2, instead of heterol-
ogous COL2 that is more often used, will lead to develop-
ment of chronic arthritis in both mice and rats [39, 40], 
diseases that are clearly T cell dependent [41]. For exam-
ple, in the pristane induced arthritis model in the rat, it is 
possible to transfer chronic relapsing arthritis with clas-
sical αβ-T cells [38]. Thus, there are several animal mod-
els now available to address different pathways leading 
to chronic relapsing arthritis and it is an open question 
as to which of these pathways lead to chronic arthritis 
in different subtypes of RA. The arthritis of mCAIA in 
the BQ.Ncf1*/* mouse is a chronic and relapsing disease, 
which also includes a systemic inflammatory response 
and erosions of the affected joints. Thus, this model can 
be used to understand how innate immune mechanisms 
cause chronic and destructive joint damage. In this direc-
tion, more studies are needed to explore the contribution 
of G-CSF and neutrophil generated ROS in the chronic 
phase of mCAIA in Ncf1*/* mice.

Materials and methods
Animals
BALB/c mice were from the Jackson Laboratories 
(Bar Harbor, ME, USA). B10.Q/rhd sub-strain, short-
named as BQ, is under a standard genetic background 
whereas founders of B6/N mice were derived from 

Jackson Laboratories. B10Q.Ncf1m1j/m1j (short-named as 
BQ.Ncf1*/*) has a mutation in the Ncf1 gene [42]. In our 
experiments, BALB/c 10–12 weeks old mice were used 
to produce ascites used for purification of the needed 
antibodies. BQ. Ncf1*/* 14–16 weeks old male mice and 
BQ 14–16 weeks old male mice were used at the onset 
of experiments. All mice were age-matched, randomized 
to experimental groups and cages, and evaluated by 
researchers blinded for the identity of mice. We bred and 
kept all the mice in Song Shan Lake Experimental Animal 
Science and Technology Park, Southern Medical Uni-
versity, Dongguan, China, with a specific pathogen-free, 
climate-controlled environment having a 14 h light/10 h 
dark cycles. The animals were housed in intra-cage ven-
tilated polystyrene cages containing standard chow and 
water ad libitum with enrichments placed in the cages.

Antibody production
B cell hybridomas secreting M2139 (anti-COL2 antibod-
ies of IgG2b/κ subclass) [43], UL1 (anti-COL2 antibodies 
of IgG2b/κ subclass) [44], ACC1 (anti-COL2 antibod-
ies of IgG2a/κ subclass) [45], G11 (mouse anti-human 
parathyroid epithelial cells of IgG2b/κ subclass) [46] and 
L243 (mouse anti-human HLA-DRα of IgG2a/κ subclass) 
(from ATCC) were used. They were cultured in DMEM 
(SH30022.01, Hyclone, USA) containing 10% fetal bovine 
serum (P30–1302, PAN-biotech, German) and 25 μg/
mL of kanamycin (420311-25GM, Sigma, USA). Anti-
bodies were generated by inducing ascites in mice [47]. 
8–12 weeks old BALB/c mice were injected intraperito-
neally (i.p.) with pristane (P2870-100ML, Sigma, USA), 
0.5 mL per mouse. After two weeks, 0.5 mg of eryth-
rocin (E6376-25G, Sigma, USA) was injected i.p. and 
4 hours later with 1 ×  107 hybridoma cells. 10–14 days 
later, the mice were sacrificed by cervical dislocation and 
ascites was collected. The ascites fluid was centrifuged 
at 4000 rpm for 15 min and the sediment was discarded. 
Sodium azide (S2002-100G, Sigma, USA) was added 
to the supernatant, sterilized by filtration, and frozen at 
− 20 °C until used.

Table 2 Blood M2139 and UL1 levels at different time points in mCAIA

Notes: 1. M2139 concentration was calculated based on anti-GFS-4 antibody standard curve; 2. UL1 concentration was determined based on anti-GFS-10 antibody standard 
curve

M2139 UL1

BQ.Ncf1*/* AA + M 
(ng/ml, ±SEM)

BQ AA + M (ng/
ml, ±SEM)

p-Value BQ.Ncf1*/* AA + M 
(ng/ml, ±SEM)

BQ AA + M (ng/ml, ±SEM) p-Value

Day 30 358.0 ± 54.39 407.6 ± 35.90 N.S. 345.0 ± 15.60 403.6 ± 20.65 N.S.
Day 63 361.9 ± 83.15 574.3 ± 43.00 < 0.05 * 531.8 ± 34.20 529.5 ± 11.61 < 0.05 *
Day 100 20.5 ± 2.94 35.0 ± 1.70 < 0.01 ** 65.2 ± 6.457 216.0 ± 34.59 < 0.001 ***
Day 200 <  0 < 0 N.S. < 0 20.2 ± 8.50 < 0.01 **
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Antibody purification
Antibodies were purified by ammonium sulfate precipi-
tation [48]. (A) The ascites supernatant was defrosted, 
filtered, and the volume was measured. (B) Saturated 
ammonium sulfate (A4418-500G, Sigma, USA) was 
slowly added to the ascites supernatant to achieve a level 
of 55%, stirred for 30 min and left overnight at 4 °C to 
get the protein precipitate. (C) The protein suspension 
was centrifuged at 12000 rpm and 4 °C for 30 min. (D) 
The precipitate was dissolved in 10 mL PBS (10,010,023, 
Gibco BRL, Invitrogen AB, Sweden) with rigorous mix-
ing, and when no obvious particles were found, the solu-
tion was filtered using 0.22 μm syringe filters (Dynagard, 
Spectrum Laboratories, CA, USA). (E) Sodium azide was 
added and the solution was stored at 4 °C. In the second 
step, the antibodies were purified by affinity chromatog-
raphy with the ÄKTA system [49]. (A) A 10 mL column 
containing Gamma-bind plus affinity gel matrix (Gamma 
Bind Plus Sepharose; GE Healthcare, Uppsala, Sweden) 
was brought to room temperature (RT). (B) The following 
reagents were prepared for affinity purification: ultrapure 
water, 20% alcohol, elution buffer (0.1 M glycine•HCl, 
pH 2.7), column cleaning solution (5 M guanidine-HCl 
(1,042,190,500, Sigma, USA) solution), and the binding 
buffer (phosphate solution, pH 7.0). (C) The gel column 
was installed on the GE AKTA™ pure 25 protein puri-
fier and washed with ultra-pure water to remove the 
alcohol used as a preservative. The parameters of the 
GE AKTATM pure 25 instrument were as follows: Pres-
sure limitation = 0.3 mpa and flow rate = 3.0 mL/min. (D) 
The column was saturated with 50 mL binding buffer. (E) 
Protein samples were injected with a flow rate = 2.0 mL/
min with a pressure limitation = 0.3 mpa. (F) Antibodies 
were eluted with a flow rate of elution buffer = 1.0 mL/
min and a pressure limitation = 0.3 mpa. Antibodies 
were collected in tubes and a neutralization solution, Tris 
(pH 8.0), was used to adjust the pH of eluted fractions 
to neutral condition. The antibody solutions were con-
centrated with an Amicon® Ultra ultra-filter (UFC5050, 
Sigma, USA).

Endotoxin removal and detection
ToxinEraser™ Endotoxin Removal Kits (L00338, Gen-
script, China) were used to remove the endotoxin and 
ToxinSensor™ Chromogenic LAL Endotoxin Assay Kits 
(L00350C, Genscript, China) were used to detect the 
endotoxin present in the antibody solutions and found to 
be lower than 1 EU/mL.

Antibody quantification
The total antibody concentration was quantified by 
freeze-drying the samples, followed by measuring the 

weight of each sample. ELISA was used to quantify the 
level of antigen specific antibodies (M2139, UL1, and 
ACC1). (A) Rat collagen type II (COL2) was diluted to 
5 μg/mL in PBS and added to 96-well ELISA plate (3361, 
Corning, USA), 50 μL for each well. The plate was sealed 
and placed at 4 °C overnight. (B) The plate was washed 
with PBS containing 0.05% tween-20 (93773-250G, 
Sigma, USA) (PBS-T) 4 times. (C) A blocking solution, 
150 μL 3% skim milk (1,153,630,500, Sigma, USA) was 
added into each well and the plate was incubated for 2 h, 
at RT. (D) The plate was washed with PBS-T 4 times. 
(E) 50 μL of M2139, UL1, and ACC1 antibody standard 
solution or sample solution was added. (F) The plate was 
washed with PBS-T 4 times. (G) Human ads-HRP Goat 
anti-mouse IgG (ab97023, Abcam, UK) secondary anti-
body diluted in PBS at 1:400 was added and incubated for 
40 min at RT, 50 μL per well. The plate was washed with 
PBS-T 4 times. (H) 50 μL of TMB (3,3′,5,5′-tetrameth-
ylbenzidine) solution (CL07-100ML, Sigma, USA) was 
added, and the OD value was measured at λ = 450 nm 
after 10 min at RT.

Induction of arthritis
M2139, UL1, and ACC1 antibodies were mixed ar 1:1:1 
ratio and diluted with PBS to obtain the anti-COL2 anti-
body mixture. G11 and L243 were mixed in at 2:1 ratio 
and diluted in PBS to obtain the isotype-control antibody 
mixture. BQ.Ncf1*/* and BQ male mice (14–16 weeks) 
was injected i.v. with 9 mg of antibody mixture or PBS. 
Mannan (M7504, CAS Number: 9036-88-8, Sigma, USA) 
was diluted to 8 mg/mL and 4 mg was injected intra-
peritoneally for each mouse on days 3 and 65. Arthritis 
was scored in a double-blind manner using a previously 
described scoring system [50]. Each inflamed toe or 
finger joint got 1 point, whereas wrist and ankle joint 
inflammation received 5 points, so that each paw was 
given a maximum score of 14 points (4 phalangeal joints 
+ 5 metacarpophalangeal joints + 1 wrist/ankle), and a 
mouse had a maximum score of 58.

Micro-CT (micro-computed tomography)
The mice were sacrificed with cervical dislocation on 
day 200 after injection of antibodies, the hind paws were 
taken from 0.3–0.6 mm above the ankle joint, and the 
joint micro-CT (Siemens Inveon, Germany) scan was 
performed. The changes in bone structure were analyzed 
using CT analysis software. ROIs were plotted around the 
distal tibial joint. Bone volume/total bone volume ratio, 
bone surface area/bone volume ratio, trabecular number 
ratio, trabecular thickness, space between trabeculae, 
and trabecular model factors were evaluated.
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Bead-based multiplex immunoassays
Autoantibody responses were analyzed using a Luminex 
technology platform [51, 52]. Triple-helical peptides were 
synthesized using the Lys branching strategy [31, 53], 
characterized by mass spectrometry following trypsin 
digestion and circular dichroism spectroscopy [54, 55], 
and attached to magnetic beads as described earlier [56]. 
Peptide sequences correspond to the J1 epitope (GFS-4) 
and the U1 epitope (GFS-10). The serum samples were 
diluted at 1:50 (v/v) and the standard antibodies were 
diluted to 1 μg/mL with a buffer containing 100 μg/mL 
NeutrAvidin, 5% milk powder, 0.1% ProClin300, 3% BSA, 
0.05% Tween-20 in PBS and incubated for 1 h with shak-
ing at RT. The samples were transferred into the 96-well 
plate (Greiner Bio-One) containing peptide-coated mag-
netic beads and incubated for 75 min with shaking at 
RT. The beads were washed with PBS containing 0.05% 
Tween-20 (PBST) on a plate washer (EL406, Biotek or 
Bioplex Pro Wash station, Biorad). Goat anti-mouse IgG, 
Fcγ-PE (Jackson Immuno Research) was added as the 
secondary antibody onto the beads and incubated for 
40 min with shaking at RT. The fluorescence intensity was 
measured by Luminex 200 (Luminex Corp.) as median 
fluorescence intensity (MFI) units.

Luminex measurement for cytokines
The BQ.Ncf1*/* and BQ mCAIA mice (n = 4–12) serum 
samples from days 30, 100, and 200 were used to measure 
concentrations of the cytokines G-CSF, M-CSF, GM-CSF, 
TNF-α, MIP-1a, and MIP-1b with the ProcartaPlex™ 
Simplex Kit (Thermofisher USA). The fluorescence inten-
sity was measured by Luminex 200 (Luminex Corp.) as 
described earlier [51]. The MFI was used to quantify the 
level of cytokines.

Flow cytometry (FCM) to detect blood CD11b + Ly6G+ 
cells
The peripheral blood from mice was collected and 
stored on ice in anticoagulant coated tubes. After cen-
trifugation at 1600 rpm for 10 min, the cells were col-
lected and added to a 15 mL centrifuge tube, and 5 mL 
Red Blood Cell Lysing Buffer Hybri-Max™ (R7757-
100ML, Sigma, USA) was added to lyse erythrocytes, 
followed by centrifugation for 10 min. After 10 min, 
PBS (10 mL) was added to terminate the lysis process 
and the tube was centrifuged at 1600 rpm for 10 min. 
The precipitate was resuspended with 1 mL PBS and 
centrifuged at 1600 rpm for 5 min. The cells were 
resuspended in PBS to 1 ×  107–1 ×  108 cells/mL, incu-
bated away from light for 30 min at RT with the FITC 

labelled CD11b antibody (#101206, clone M1/70, Bio-
legend, USA) and Alexa Fluor700 labelled Ly6G anti-
body (#127621, clone 1A8, Biolegend, USA) for surface 
marker staining, and centrifuged at 1600 rpm for 5 min 
at RT. The cells were washed with 500 μL of PBS 3 times 
and 300 μL of PBS was used to resuspend the cells. 
Analyses were performed using a BD Canto II flow 
cytometer (Becton-Dickinson Biosciences) and FlowJo 
software (Tree Star Inc., Ashland, OR, USA).

Statistical analyses
Quantitative data were expressed as mean ± SEM using 
the GraphPad Prism version 7 software. For compari-
son of arthritis severity between BQ.Ncf1*/* AA+M 
and BQ AA+M, including arthritis score, bone and tra-
becular erosion parameters, level of blood neutrophils, 
antibodies and cytokines with Luminex, the two tailed 
Mann-Whitney test was used. P-values less than 0.05 
were considered statistically significant. *, p <   0.05; **, 
p <  0.01; ***, p <  0.001.

Abbreviations
RA: Rheumatoid arthritis; RF: Rheumatoid factors; CAIA: Collagen type II 
antibody induced arthritis; Ncf1: Neutrophil cytosolic factor 1; mCAIA: Mannan-
enhanced CAIA; NADPH: Nicotinamide adenine dinucleotide phosphate; NOX2: 
NADPH oxidase 2; ROS: Reactive oxygen species; FcγRIII: Fc receptor gamma 
III; COL2: Collagen type II; G-CSF: Granulocyte colony-stimulating factor; TNF-α: 
Tumor necrosis factor α; CT: Computed tomography; PBS: Phosphate buffered 
saline; MFI: Median fluorescence intensity; FCM: Flow cytometry; FITC: Fluo-
rescein isothiocyanate; ELISA: Enzyme-linked immuno sorbent assay; M-CSF: 
Macrophage colony-stimulating factor; GM-CSF: Granulocyte-macrophage 
colony-stimulating factor; MIP-1a: Macrophage inflammatory protein-1a; MIP-
1b: Macrophage inflammatory protein-1b; PE: Phycoerythrin; Ly6G: Lympho-
cyte antigen 6G precursor; AA: Anti-COL2 antibody; IA: Isotype antibody.

Acknowledgements
We thank Erik Lönnblom, Chun Zhou, Bibo Liang, Dongmei Tong, Xiaoyin Lin, 
Kangxin Li and Guicheng Qin for technical help and discussions.

Authors’ contributions
RH and PL designed the experiments. PL performed majority of the experi-
ments with help from YL, RX and KSN. RS and GF synthesized and character-
ized the triple-helical COL2 peptides. PL wrote the first draft of the manuscript 
with help from RH and it was revised by all the authors. All authors approved 
the study and RH takes the overall responsibility. The author(s) read and 
approved the final manuscript.

Funding
This study was supported by grants (C1051017, G619310007) from the 
School of Pharmaceutical Sciences, Southern Medical University, Guang-
zhou, China. We acknowledge the team grant from Guangdong Province 
(201001Y04675344) and matching grant from Dongguan City, China. This 
work was also supported by grants from the Knut and Alice Wallenberg Foun-
dation (Dnr KAW 2019.0059), the Swedish Association against Rheumatism 
(R-858181), the Swedish Foundation for Strategic Research (Dnr RB 13–0156), 
the Swedish Medical Research Council, and the Erling-Persson Family Founda-
tion, Stockholm 2017-10-09.

Availability of data and materials
The datasets and analysis generated during the current study are available 
from the corresponding author upon reasonable request.



Page 11 of 12Liang et al. Molecular Biomedicine            (2022) 3:14  

Declarations

Ethics approval and consent to participate
This study was performed in line with the principles of the Declaration of 
Helsinki. Approval was granted by the Ethics Committee of Southern Medical 
University (Date 2017.10.01/NO.L2020013).

Consent for publication
All the authors approved publishing this manuscript in this journal.

Competing interests
All the authors have no potential conflict of interest.

Author details
1 Medical Inflammation Research, Pharmacology School, Southern 
Medical University, Guangzhou 510515, China. 2 Medical Inflammation 
Research, Department of Biochemistry and Biophysics, Karolinska Institute, 
SE-17177 Stockholm, Sweden. 3 Department of Chemistry & Biochemistry 
and I-HEALTH, Florida Atlantic University, Jupiter, FL, USA. 

Received: 24 January 2022   Accepted: 30 April 2022

References
 1. McInnes IB, Schett G. The pathogenesis of rheumatoid arthritis. N Engl J 

Med. 2011;365(23):2205–19. https:// doi. org/ 10. 1056/ NEJMr a1004 965.
 2. Stastny P. Association of the B-cell alloantigen DRw4 with rheumatoid 

arthritis. N Engl J Med. 1978;298:869–71. https:// doi. org/ 10. 1056/ NEJM1 
97804 20298 1602.

 3. Okada Y, Wu D, Trynka G, Raj T, Terao C, Ikari K, et al. Genetics of rheu-
matoid arthritis contributes to biology and drug discovery. Nature. 
2014;506(7488):376–81. https:// doi. org/ 10. 1038/ natur e12873.

 4. Aho K, Palosuo T, Raunio V, Puska P, Aromaa A, Salonen JT. When does 
rheumatoid disease start? Arthritis Rheum. 1985;28:485–9. https:// doi. 
org/ 10. 1002/ art. 17802 80503.

 5. Kurki P, Aho K, Palosuo T, Heliovaara M. Immunopathology of rheumatoid 
arthritis. Antikeratin antibodies precede the clinical disease. Arthritis 
Rheum. 1992;35(8):914–7. https:// doi. org/ 10. 1002/ art. 17803 50810.

 6. Rantapää-Dahlqvist S, de Jong BA, Berglin E, Hallmans G, Wadell G, 
Stenlund H, et al. Antibodies against cyclic citrullinated peptide and 
IgA rheumatoid factor predict the development of rheumatoid arthritis. 
Arthritis Rheum. 2003;48(10):2741–9. https:// doi. org/ 10. 1002/ art. 11223.

 7. Möttönen T, Hannonen P, Oka M, Rautiainen J, Jokinen I, Arvilommi H, 
et al. Antibodies against native type II collagen do not precede the clini-
cal onset of rheumatoid arthritis. Arthritis Rheum. 1988;31:776–9. https:// 
doi. org/ 10. 1002/ art. 17803 10612.

 8. Pereira RS, Black CM, Duance VC, Jones VE, Jacoby RK, Welsh KI. 
Disappearing collagen antibodies in rheumatoid arthritis. Lancet. 
1985;2(8453):501–2. https:// doi. org/ 10. 1016/ s0140- 6736(85) 90436-2.

 9. Lindh I, Snir O, Lonnblom E, Uysal H, Andersson I, Nandakumar KS, 
et al. Type II collagen antibody response is enriched in the synovial 
fluid of rheumatoid joints and directed to the same major epitopes as 
in collagen induced arthritis in primates and mice. Arthritis Res Ther. 
2014;16(4):R143. https:// doi. org/ 10. 1186/ ar4605.

 10. Stuart JM, Dixon FJ. Serum transfer of collagen induced arthritis in mice. 
J Exp Med. 1983;158:378–92. https:// doi. org/ 10. 1084/ jem. 158.2. 378.

 11. Holmdahl R, Rubin K, Klareskog L, Larsson E, Wigzell H. Characterization 
of the antibody response in mice with type II collagen-induced arthritis, 
using monoclonal anti-type II collagen antibodies. Arthritis Rheum. 
1986;29:400–10. https:// doi. org/ 10. 1002/ art. 17802 90314.

 12. Nandakumar KS, Holmdahl R. Antibody-induced arthritis: disease mecha-
nisms and genes involved at the effector phase of arthritis. Arthritis Res 
Ther. 2006;8(6):223. https:// doi. org/ 10. 1186/ ar2089.

 13. Li Y, Tong D, Liang P, Lönnblom E, Viljanen J, Xu B, et al. Cartilage-binding 
antibodies initiate joint inflammation and promote chronic erosive 
arthritis. Arthritis Res Ther. 2020;22(1):120. https:// doi. org/ 10. 1186/ 
s13075- 020- 02169-0.

 14. Holmdahl R, Malmström V, Burkhardt H. Autoimmune priming, tissue attack 
and chronic inflammation - the three stages of rheumatoid arthritis. Eur J 
Immunol. 2014;44(6):1593–9. https:// doi. org/ 10. 1002/ eji. 20144 4486.

 15. Nandakumar KS, Svensson L, Holmdahl R. Collagen type II-specific mono-
clonal antibody-induced arthritis in mice: description of the disease and 
the influence of age, sex, and genes. Am J Pathol. 2003;163(5):1827–37. 
https:// doi. org/ 10. 1016/ S0002- 9440(10) 63542-0.

 16. Hagert C, Sareila O, Kelkka T, Nandakumar KS, Collin M, Xu B, et al. Chronic 
Active Arthritis Driven by Macrophages Without Involvement of T Cells: A 
Novel Experimental Model of Rheumatoid Arthritis. Arthritis Rheumatol. 
2018;70(8):1343–53. https:// doi. org/ 10. 1002/ art. 40482.

 17. Olofsson P, Holmdahl R. Positional cloning of Ncf1--a piece in the puzzle 
of arthritis genetics. Scand J Immunol. 2003;58(2):155–64. https:// doi. org/ 
10. 1046/j. 1365- 3083. 2003. 01293.x.

 18. Hultqvist M, Olofsson P, Holmberg J, Bäckström BT, Tordsson J, Holmdahl 
R. Enhanced autoimmunity, arthritis, and encephalomyelitis in mice with 
a reduced oxidative burst due to a mutation in the Ncf1 gene. Proc Natl 
Acad Sci USA. 2004;101(34):12646–51. https:// doi. org/ 10. 1073/ pnas. 
04038 31101.

 19. Olsson LM, Nerstedt A, Lindqvist AK, Johansson AC, Medstrand P, Olofs-
son P, et al. Copy number variation of the gene NCF1 is associated with 
Rheumatoid Arthritis. Antioxid Redox Signal. 2012;16(1):71-8. https:// doi. 
org/ 10. 1089/ ars. 2011. 4013.

 20. Olsson LM, Johansson AC, Gullstrand B, Jonsen A, Saevarsdottir S, Ronnb-
lom L, et al. A single nucleotide polymorphism in the NCF1 gene leading 
to reduced oxidative burst is associated with systemic lupus erythemato-
sus. Ann Rheum Dis. 2017;76(9):1607–13. https:// doi. org/ 10. 1136/ annrh 
eumdis- 2017- 211287.

 21. Zhao J, Ma J, Deng Y, Kelly JA, Kim K, Bang SY, et al. A missense variant in 
NCF1 is associated with susceptibility to multiple autoimmune diseases. 
Nat Genet. 2017;49(3):433–7. https:// doi. org/ 10. 1038/ ng. 3782.

 22. Holmdahl R, Sareila O, Olsson LM, Backdahl L, Wing K. Ncf1 polymorphism 
reveals oxidative regulation of autoimmune chronic inflammation. 
Immunol Rev. 2016;269(1):228–47. https:// doi. org/ 10. 1111/ imr. 12378.

 23. Kelkka T, Hultqvist M, Nandakumar KS, Holmdahl R. Enhancement of 
antibody-induced arthritis via Toll-like receptor 2 stimulation is regulated 
by granulocyte reactive oxygen species. Am J Pathol. 2012;181(1):141–50. 
https:// doi. org/ 10. 1016/j. ajpath. 2012. 03. 031.

 24. Fresneda Alarcon M, McLaren Z, Wright HL. Neutrophils in the Pathogen-
esis of Rheumatoid Arthritis and Systemic Lupus Erythematosus: Same 
Foe Different M.O. Front Immunol. 2021;12:649693. https:// doi. org/ 10. 
3389/ fimmu. 2021. 649693.

 25. Golden JB, Wang Y, Fritz Y, Diaconu D, Zhang X, Debanne SM, et al. 
Chronic, not acute, skin-specific inflammation promotes thrombosis in 
psoriasis murine models. J Transl Med. 2015;13:382. https:// doi. org/ 10. 
1186/ s12967- 015- 0738-z.

 26. Liu Y, O’Leary CE, Wang LS, Bhatti TR, Dai N, Kapoor V, et al. 
CD11b+Ly6G+ cells inhibit tumor growth by suppressing IL-17 
production at early stages of tumorigenesis. Oncoimmunology. 
2016;5(1):e1061175. https:// doi. org/ 10. 1080/ 21624 02X. 2015. 10611 75.

 27. Eyles JL, Hickey MJ, Norman MU, Croker BA, Roberts AW, Drake SF, et al. A 
key role for G-CSF-induced neutrophil production and trafficking during 
inflammatory arthritis. Blood. 2008;112(13):5193–201. https:// doi. org/ 10. 
1182/ blood- 2008- 02- 139535.

 28. Semerad CL, Liu F, Gregory AD, Stumpf K, Link DC. G-CSF is an essential 
regulator of neutrophil trafficking from the bone marrow to the blood. 
Immunity. 2002;17(4):413–23. https:// doi. org/ 10. 1016/ s1074- 7613(02) 
00424-7.

 29. Botha-Scheepers S, Watt I, Slagboom E, de Craen AJ, Meulenbelt I, 
Rosendaal FR, et al. Innate production of tumour necrosis factor alpha 
and interleukin 10 is associated with radiological progression of knee 
osteoarthritis. Ann Rheum Dis. 2008;67(8):1165–9. https:// doi. org/ 10. 
1136/ ard. 2007. 084657.

 30. Rodriguez-Ubreva J, de la Calle-Fabregat C, Li T, Ciudad L, Ballestar ML, 
Catala-Moll F, et al. Inflammatory cytokines shape a changing DNA 
methylome in monocytes mirroring disease activity in rheumatoid arthri-
tis. Ann Rheum Dis. 2019;78(11):1505–16. https:// doi. org/ 10. 1136/ annrh 
eumdis- 2019- 215355.

 31. Ge C, Tong D, Liang B, Lonnblom E, Schneider N, Hagert C, et al. Anti-
citrullinated protein antibodies cause arthritis by cross-reactivity to joint 

https://doi.org/10.1056/NEJMra1004965
https://doi.org/10.1056/NEJM197804202981602
https://doi.org/10.1056/NEJM197804202981602
https://doi.org/10.1038/nature12873
https://doi.org/10.1002/art.1780280503
https://doi.org/10.1002/art.1780280503
https://doi.org/10.1002/art.1780350810
https://doi.org/10.1002/art.11223
https://doi.org/10.1002/art.1780310612
https://doi.org/10.1002/art.1780310612
https://doi.org/10.1016/s0140-6736(85)90436-2
https://doi.org/10.1186/ar4605
https://doi.org/10.1084/jem.158.2.378
https://doi.org/10.1002/art.1780290314
https://doi.org/10.1186/ar2089
https://doi.org/10.1186/s13075-020-02169-0
https://doi.org/10.1186/s13075-020-02169-0
https://doi.org/10.1002/eji.201444486
https://doi.org/10.1016/S0002-9440(10)63542-0
https://doi.org/10.1002/art.40482
https://doi.org/10.1046/j.1365-3083.2003.01293.x
https://doi.org/10.1046/j.1365-3083.2003.01293.x
https://doi.org/10.1073/pnas.0403831101
https://doi.org/10.1073/pnas.0403831101
https://doi.org/10.1089/ars.2011.4013
https://doi.org/10.1089/ars.2011.4013
https://doi.org/10.1136/annrheumdis-2017-211287
https://doi.org/10.1136/annrheumdis-2017-211287
https://doi.org/10.1038/ng.3782
https://doi.org/10.1111/imr.12378
https://doi.org/10.1016/j.ajpath.2012.03.031
https://doi.org/10.3389/fimmu.2021.649693
https://doi.org/10.3389/fimmu.2021.649693
https://doi.org/10.1186/s12967-015-0738-z
https://doi.org/10.1186/s12967-015-0738-z
https://doi.org/10.1080/2162402X.2015.1061175
https://doi.org/10.1182/blood-2008-02-139535
https://doi.org/10.1182/blood-2008-02-139535
https://doi.org/10.1016/s1074-7613(02)00424-7
https://doi.org/10.1016/s1074-7613(02)00424-7
https://doi.org/10.1136/ard.2007.084657
https://doi.org/10.1136/ard.2007.084657
https://doi.org/10.1136/annrheumdis-2019-215355
https://doi.org/10.1136/annrheumdis-2019-215355


Page 12 of 12Liang et al. Molecular Biomedicine            (2022) 3:14 

cartilage. JCI Insight. 2017;2(13):e93688. https:// doi. org/ 10. 1172/ jci. insig 
ht. 93688.

 32. Harre U, Lang SC, Pfeifle R, Rombouts Y, Fruhbeisser S, Amara K, et al. 
Glycosylation of immunoglobulin G determines osteoclast differentia-
tion and bone loss. Nat Commun. 2015;6:6651. https:// doi. org/ 10. 1038/ 
ncomm s7651.

 33. Haag S, Tuncel J, Thordardottir S, Mason DE, Yau AC, Dobritzsch D, et al. 
Positional identification of RT1-B (HLA-DQ) as susceptibility locus for 
autoimmune arthritis. J Immunol. 2015;194(6):2539–50. https:// doi. org/ 
10. 4049/ jimmu nol. 14022 38.

 34. Brunsberg U, Gustafsson K, Jansson L, Michaëlsson E, Ährlund-Richter L, 
Pettersson S, et al. Expression of a transgenic class II Ab gene confers sus-
ceptibility to collagen-induced arthritis. Eur J Immunol. 1994;24(7):1698–
702. https:// doi. org/ 10. 1002/ eji. 18302 40736.

 35. Ge C, Holmdahl R. The structure, specificity and function of anti-citrulli-
nated protein antibodies. Nat Rev Rheumatol. 2019;15(8):503–8. https:// 
doi. org/ 10. 1038/ s41584- 019- 0244-4.

 36. Scherer HU, Huizinga TWJ, Kronke G, Schett G, Toes REM. The B cell 
response to citrullinated antigens in the development of rheumatoid 
arthritis. Nat Rev Rheumatol. 2018;14(3):157–69. https:// doi. org/ 10. 1038/ 
nrrhe um. 2018. 10.

 37. Croft AP, Campos J, Jansen K, Turner JD, Marshall J, Attar M, et al. Distinct 
fibroblast subsets drive inflammation and damage in arthritis. Nature. 
2019;570(7760):246–51. https:// doi. org/ 10. 1038/ s41586- 019- 1263-7.

 38. Tuncel J, Holmberg J, Haag S, Hopkins MH, Wester-Rosenlöf L, Carlsen 
S, et al. Self-reactive T cells induce and perpetuate chronic relaps-
ing arthritis. Arthritis Res Ther. 2020;22(1):95. https:// doi. org/ 10. 1186/ 
s13075- 020- 2104-7.

 39. Holmdahl R, Jansson L, Larsson E, Rubin K, Klareskog L. Homologous type 
II collagen induces chronic and progressive arthritis in mice. Arthritis 
Rheum. 1986;29:106–13. https:// doi. org/ 10. 1002/ art. 17802 90114.

 40. Holmdahl R, Vingsbo C, Malmström V, Jansson L, Holmdahl M. Chronic-
ity of arthritis induced with homologous type II collagen (CII) in rats is 
associated with anti-CII B-cell activation. J Autoimmun. 1994;7(6):739–52. 
https:// doi. org/ 10. 1006/ jaut. 1994. 1058.

 41. Goldschmidt TJ, Holmdahl R. Anti-T cell receptor antibody treatment of 
rats with established autologous collagen-induced arthritis. Suppression 
of arthritis without reduction of anti-type II collagen autoantibody levels. 
Eur J Immunol. 1991;21(5):1327–30. https:// doi. org/ 10. 1002/ eji. 18302 
10536.

 42. Sareila O, Jaakkola N, Olofsson P, Kelkka T, Holmdahl R. Identification of a 
region in p47phox/NCF1 crucial for phagocytic NADPH oxidase (NOX2) 
activation. J Leukoc Biol. 2013;93(3):427–35. https:// doi. org/ 10. 1189/ jlb. 
12115 88.

 43. Raposo B, Dobritzsch D, Ge C, Ekman D, Xu B, Lindh I, et al. Epitope-
specific antibody response is controlled by immunoglobulin V(H) 
polymorphisms. J Exp Med. 2014;211(3):405–11. https:// doi. org/ 10. 1084/ 
jem. 20130 968.

 44. Bajtner E, Nandakumar KS, Engstrom A, Holmdahl R. Chronic develop-
ment of collagen-induced arthritis is associated with arthritogenic 
antibodies against specific epitopes on type II collagen. Arthritis Res Ther. 
2005;7(5):R1148–57. https:// doi. org/ 10. 1186/ ar1800.

 45. Uysal H, Bockermann R, Nandakumar KS, Sehnert B, Bajtner E, Engström 
Å, et al. Structure and pathogenicity of antibodies specific for citrullinated 
collagen type II in experimental arthritis. J Exp Med. 2009;206(2):449–62. 
https:// doi. org/ 10. 1084/ jem. 20081 862.

 46. Juhlin C, Holmdahl R, Johansson H, Rastad J, Åkerström G, Klareskog L. 
Monoclonal antibodies with exclusive reactivity against parathyroid cells 
and tubule cells of the kidney. Proc Natl Acad Sci U S A. 1987;84(9):2990–
4. https:// doi. org/ 10. 1073/ pnas. 84.9. 2990.

 47. Jackson LR, Trudel LJ, Fox JG, Lipman NS. Monoclonal antibody produc-
tion in murine ascites. II. Production characteristics. Lab Anim Sci. 
1999;49(1):81–6.

 48. Bollineni RC, Guldvik IJ, Gronberg H, Wiklund F, Mills IG, Thiede B. A dif-
ferential protein solubility approach for the depletion of highly abundant 
proteins in plasma using ammonium sulfate. Analyst. 2015;140(24):8109–
17. https:// doi. org/ 10. 1039/ c5an0 1560j.

 49. Tong D, Lönnblom E, Yau ACY, Nandakumar KS, Liang B, Ge C, et al. A 
Shared Epitope of Collagen Type XI and Type II Is Recognized by Patho-
genic Antibodies in Mice and Humans with Arthritis. Front Immunol. 
2018;9:451. https:// doi. org/ 10. 3389/ fimmu. 2018. 00451.

 50. Holmdahl R, Carlsen S, Mikulowska A, Vestberg M, Brunsberg U, Hansson 
A-S, et al. Genetic analysis of murine models for rheumatoid arthritis. In: 
Adolpho KW, editor. Human Genome Methods. New York: CRC press; 
1998. p. 215–38.

 51. Ayoglu B, Haggmark A, Khademi M, Olsson T, Uhlen M, Schwenk JM, 
et al. Autoantibody profiling in multiple sclerosis using arrays of human 
protein fragments. Mol Cell Proteomics. 2013;12(9):2657–72. https:// doi. 
org/ 10. 1074/ mcp. M112. 026757.

 52. Liang B, Ge C, Lönnblom E, Lin X, Feng H, Xiao L, et al. The autoantibody 
response to cyclic citrullinated collagen type II peptides in rheumatoid 
arthritis. Rheumatology (Oxford). 2019;58(9):1623–33. https:// doi. org/ 10. 
1093/ rheum atolo gy.

 53. Fields CG, Lovdahl CM, Miles AJ, Hagen VL, Fields GB. Solid-phase synthe-
sis and stability of triple-helical peptides incorporating native collagen 
sequences. Biopolymers. 1993;33(11):1695–707. https:// doi. org/ 10. 1002/ 
bip. 36033 1107.

 54. Bhowmick M, Stawikowska R, Tokmina-Roszyk D, Fields GB. Matrix metal-
loproteinase inhibition by heterotrimeric triple-helical Peptide transition 
state analogues. Chembiochem. 2015;16(7):1084–92. https:// doi. org/ 10. 
1002/ cbic. 20140 2716.

 55. Stawikowski MJ, Fields GB. Tricine as a convenient scaffold for the synthe-
sis of C-terminally branched collagen-model peptides. Tetrahedron Lett. 
2018;59(2):130–4. https:// doi. org/ 10. 1016/j. tetlet. 2017. 12. 008.

 56. Viljanen J, Lönnblom E, Ge C, Yang J, Cheng L, Aldi S, et al. Synthesis of 
an Array of Triple-Helical Peptides from Type II Collagen for Multiplex 
Analysis of Autoantibodies in Rheumatoid Arthritis. ACS Chem Biol. 
2020;15(9):2605–15. https:// doi. org/ 10. 1021/ acsch embio. 0c006 80.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1172/jci.insight.93688
https://doi.org/10.1172/jci.insight.93688
https://doi.org/10.1038/ncomms7651
https://doi.org/10.1038/ncomms7651
https://doi.org/10.4049/jimmunol.1402238
https://doi.org/10.4049/jimmunol.1402238
https://doi.org/10.1002/eji.1830240736
https://doi.org/10.1038/s41584-019-0244-4
https://doi.org/10.1038/s41584-019-0244-4
https://doi.org/10.1038/nrrheum.2018.10
https://doi.org/10.1038/nrrheum.2018.10
https://doi.org/10.1038/s41586-019-1263-7
https://doi.org/10.1186/s13075-020-2104-7
https://doi.org/10.1186/s13075-020-2104-7
https://doi.org/10.1002/art.1780290114
https://doi.org/10.1006/jaut.1994.1058
https://doi.org/10.1002/eji.1830210536
https://doi.org/10.1002/eji.1830210536
https://doi.org/10.1189/jlb.1211588
https://doi.org/10.1189/jlb.1211588
https://doi.org/10.1084/jem.20130968
https://doi.org/10.1084/jem.20130968
https://doi.org/10.1186/ar1800
https://doi.org/10.1084/jem.20081862
https://doi.org/10.1073/pnas.84.9.2990
https://doi.org/10.1039/c5an01560j
https://doi.org/10.3389/fimmu.2018.00451
https://doi.org/10.1074/mcp.M112.026757
https://doi.org/10.1074/mcp.M112.026757
https://doi.org/10.1093/rheumatology
https://doi.org/10.1093/rheumatology
https://doi.org/10.1002/bip.360331107
https://doi.org/10.1002/bip.360331107
https://doi.org/10.1002/cbic.201402716
https://doi.org/10.1002/cbic.201402716
https://doi.org/10.1016/j.tetlet.2017.12.008
https://doi.org/10.1021/acschembio.0c00680

	Characterization of chronic relapsing antibody mediated arthritis in mice with a mutation in Ncf1 causing reduced oxidative burst
	Abstract 
	Introduction
	Results
	Induction of mCAIA
	Bone erosions in the chronic phase of mCAIA
	Neutrophils and inflammatory cytokines increased in the chronic phase
	The injected anti-COL2 antibodies were detectable on day 100 but not on day 200

	Discussion
	Materials and methods
	Animals
	Antibody production
	Antibody purification
	Endotoxin removal and detection
	Antibody quantification
	Induction of arthritis
	Micro-CT (micro-computed tomography)
	Bead-based multiplex immunoassays
	Luminex measurement for cytokines
	Flow cytometry (FCM) to detect blood CD11b + Ly6G+ cells
	Statistical analyses

	Acknowledgements
	References


