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A B S T R A C T   

Defective reactive oxygen species (ROS) production by genetically determined variants of the NADPH oxidase 2 
(NOX2) complex component, NCF4, leads to enhanced production of autoantibodies to collagen type II (COL2) 
and severe collagen-induced arthritis (CIA) in mice. To further understand this process, we used mice harboring a 
mutation in the lipid endosomal membrane binding site (R58A) of NCF4 subunit. This mutation did not affect the 
extracellular ROS responses but showed instead decreased intracellular responses following B cell stimulation. 
Immunization with COL2 led to severe arthritis with increased antibody levels in Ncf458A mutated animals 
without significant effects on antigen presentation, autoreactive T cell activation and germinal center formation. 
Instead, plasma cell formation was enhanced and had altered CXCR3/CXCR4 expression. This B cell intrinsic 
effect was further confirmed with chimeric B cell transfer experiments and in vitro LPS or CD40L with anti-IgM 
stimulation. We conclude that NCF4 regulates the terminal differentiation of B cells to plasma cells through 
intracellular ROS.   

1. Introduction 

Reactive oxygen species (ROS) and its downstream metabolites are 
known for their roles not only as toxic agents but also as physiological 
regulators of biological processes. The main source of ROS is the NOX2 
complex [1]. The NOX2 complex is composed of a transmembrane 
heterodimer, NOX2 (gp91phox, CYBB) and p22phox (CYBA), a cytosolic 
heterotrimer, NCF1 (p47phox), NCF2 (p67phox) and NCF4 (p40phox) 
as well as a small GTPase Rac (1 or 2) [2]. Upon activation, phosphor-
ylation of NCF1 induces conformational changes, allowing the com-
plexing of NCF2 with the transmembrane heterodimer and Rac, which 
enables the transfer of electrons from NADPH to molecular oxygen to 
produce superoxide anion, and leads to hydrogen peroxide (H2O2) 
production as well as other kinds of ROS [3]. 

To anchor the complex, both NCF1 and NCF4 interact with mem-
brane phospholipid through their PX domains, however, they have 

different preferences in phospholipid-binding specificities. NCF1 binds 
to phosphatidylinositol 3,4-bisphosphate and phosphatidic acid [4,5], 
which are mainly found in plasma membrane, while NCF4 binds to 
phospholipid phosphatidylinositol 3-phosphate (PtdIns3P) [4], which is 
mainly found in endosome and phagosome membrane [6]. Therefore, 
NCF1 and NCF4 direct the NOX2 complex to different cellular 
compartments. 

Deficiency in subunits of the NOX2 complex leads to chronic gran-
ulomatous disease (CGD), a rare primary immunodeficiency disease 
which is characterized by severe recurrent bacterial and fungal in-
fections as well as tissue granuloma formation [7]. Compared to classical 
CGD, neutrophils from patients with mutations in NCF4 cannot kill 
bacteria efficiently but have an intact ability to kill fungi [8,9]. These 
NCF4-deficient patients suffer from hyperinflammation, autoimmunity 
and peripheral infections rather than life-threatening invasive in-
fections. Interestingly, in vitro, NCF4 deficiency impairs NADPH oxidase 
activity of B cells more severely, compared to mononuclear phagocytes 
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[8]. 
Importantly, a single nucleotide polymorphism (SNP) in NCF1 has 

recently been identified [10,11], which has a major influence on a range 
of autoimmune diseases, including systemic lupus erythematosus (SLE) 
[10,12] and rheumatoid arthritis (RA) [12]. The association was not 
detected by genome wide association studies as the NCF1 gene has not 
been sequenced due to a complicated structure with duplications. 
Nevertheless, a copy number variation in NCF1 has been found associ-
ated with RA [11]. In addition, it was also found that SNPs linked to the 
NCF4 gene was associated with RA [13,14]. These findings confirm 
previous discoveries in animal models, where Ncf1 was found to be 
major gene controlling both arthritis [15,16] and lupus [17]. The NCF1 
effects on murine lupus confirmed previous findings that a deletion of 
NCF2 leads to severe lupus in autoimmune prone mouse strains [18]. 

The NCF4 protein interacts with endosomal membranes rather than 
the plasma membrane, due to its binding specificity for PtdIns3P, and it 
has been shown to be involved in the activation of NOX2 complex 
through Fc receptors and phagocytosis [19]. The interaction with 
PtdIns3P is mainly mediated by the arginine on position 58 (R58) and 
less efficient activation of the NOX2 complex on endosomal membranes 
was observed with this mutation [20]. 

To address if the profound effects on autoimmunity were restricted to 
the NCF1 component, we recently showed that deletion of NCF4, as well 
as a mutation blocking its interaction with phospholipids, was strongly 
associated with collagen-induced arthritis (CIA) [21]. The deletion of 
NCF4 impairs the function of both NCF1 and NCF2, as these proteins are 
complexed. However, cells from mice with the R58A amino acid 
replacement mutation did not change the levels of other NOX2 complex 
components, showing a decreased intracellular ROS response but an 
increased extracellular response [21]. Interestingly, Ncf4R58A had a 
more restricted effect when tested in autoimmune conditions, with no 
effect in psoriatic arthritis while severely exaggerated disease was found 
in models of rheumatoid arthritis, such as CIA. In addition, it had a 
profound effect on antibody levels without disturbing the T cell response 
to collagen type II (COL2), suggesting there should be a direct regulation 
on B cell functions. 

In this study, we first confirmed that the expression of cytosolic 
NOX2 complex subunits in B cells was not influenced by the Ncf4R58A 

mutation. This mutation preferentially influenced intracellular ROS 
response after PMA stimulation and had a more profound effect in B cells 
than in neutrophils. In the CIA model, the Ncf458A variant significantly 
enhanced disease severity and autoantibody production upon single 
immunization with COL2. During priming stage, the Ncf458A variant 
enhanced antibody secreting cell (ASC) formation and maturation with 
limited effects on antigen presentation of COL2, auto-reactive T cell 
activation and germinal center formation. Furthermore, COL2-specific 
plasma cells with Ncf458A showed altered CXCR3/CXCR4 expression 
and preferentially migrated to inflamed synovial tissues rather than 
bone marrow, which likely contributed to disease chronicity. 

2. Results 

2.1. Intracellular, but not extracellular ROS induction, is modified by 
Ncf4R58A in B cells 

The deletion of NCF4 protein in Ncf4− /− mice has been reported to 
impair the expression of NCF1 and NCF2. Consequentially, Ncf4− /− cells 
had decreased intra and extracellular ROS production. In contrast, 
neutrophils with the R58A mutation in the PtdIns3P binding site of 
NCF4 had an unaffected expression of cytosolic NOX2 complex subunits 
as well as decreased intracellular ROS responses and increased extra-
cellular ROS responses after stimulation [21]. To determine the influ-
ence of NCF4 on ROS production in B cells, we first measured the 
expression of cytosolic NOX2 complex subunits in B cells modified by 
Ncf4R58A. NCF1, NCF2 and NCF4 were found to be expressed in spleen B 
cells, at lower levels than neutrophils as expected, and were not affected 
by Ncf4R58A (Fig. 1A-C, Fig. S1A). 

Next, ROS production of splenic B cells from B10Q.Ncf458A/58A mice 
and littermate B10Q.Ncf458A/R58, B10Q.Ncf4R58/R58 mice was measured. 
ROS produced by neutrophils were measured simultaneously as positive 
controls, as they are the strongest NOX2 complex-derived ROS pro-
ducers. After stimulation with PMA, both neutrophils and B cells with 
Ncf458A/58A showed decreased intracellular ROS responses (Fig. 1D–G), 
whilst extracellular ROS was not affected (Fig. 1H). ROS production of 
neutrophils from B10Q.Ncf458A/58A and B10Q.Ncf458A/R58 mice was 
65.2% ± 3.5% and 88.8% ± 3.3% of B10Q.Ncf4R58/R58 neutrophils 
respectively (Fig. 1E), while the ROS production of B10Q.Ncf458A/58A 

and B10Q.Ncf458A/R58 B cells was 29.4% ± 5.2% and 77.0% ± 7.3% of 
B10Q.Ncf4R58/R58 B cells (Fig. 1G), therefore showing a dose effect of 
Ncf4R58A mutation on intracellular ROS production in both B cells and 
neutrophils. Importantly, the normalized effect in B cells was even more 
pronounced than in neutrophils, suggesting that NCF4 may have a 
strong ROS-mediated intracellular influence on B cell function. 

2.2. Ncf458A enhances autoantibody production and disease severity in 
CIA 

Ncf458A has previously been shown to increase anti-COL2 antibody 
responses and disease severity in CIA [21]. To further explore the role of 
NCF4, we modified the CIA protocol by inducing the disease with a 
single priming immunization, as a booster dose of heterologous COL2 
tends to enhance the immune response to the immunogen rather than 
allowing an autoimmune response from eroded cartilage in the joints 
(Fig. 2A and B). With a single priming immunization, Ncf458A dramati-
cally enhanced the disease severity as well as the susceptibility to CIA. 
Even a single copy of the mutation had an effect, which correlated well 
with intracellular ROS production level, suggesting a dose-dependent 
effect of the intracellular ROS response on disease severity. Interest-
ingly, if we applied the standard protocol of CIA that includes a booster 
immunization by COL2 in IFA on the 35th day post immunization (DPI), 

Nomenclature 

APC antigen presenting cell 
ASC antibody secreting cell 
BCR B cell receptor 
CGD chronic granulomatous disease 
CIA collagen-induced arthritis 
COL2 collagen type II 
DPI days post immunization 
GC germinal center 
GSK GSK2795039 
H2O2 hydrogen peroxide 

iLN inguinal lymph node 
LLPC long-lived plasma cell 
MHC II major histocompatibility complex region class II 
NOX2 NADPH oxidase 2 
PB plasmablast 
PIL pristane-induced lupus 
PtdIns3P phospholipid phosphatidylinositol 3-phosphate 
RA rheumatoid arthritis 
ROS reactive oxygen species 
SLE systemic lupus erythematosus 
SNP single nucleotide polymorphism 
Tfh follicular helper T  
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a diminished effect of the Ncf4R58A mutation was seen (Fig. S2A and B). 
To study the formation of autoreactive ASCs, we measured anti-COL2 

antibody titers in circulating blood during priming (12 DPI), disease 
onset (20 DPI), established (35 DPI) and chronic (90 DPI) stages. 
(Fig. 2C). Limited anti-COL2 antibodies were detected during priming 
stage and no differences were found between groups, while titers 
increased dramatically in Ncf458A/58A mice on 20 DPI, a time point just 
before the disease onset. The isotypes of anti-COL2 antibodies on 20 DPI 
influenced by Ncf458A were mainly IgG1 and IgG2b (Fig. 2D). Later in 
the disease development, the differences in anti-COL2 antibody titers 
diminished. Furthermore, the titer of anti-COL2 antibody on 20 DPI 
correlated with the later disease severity on 90 DPI (Fig. 2E), while the 
antibody titer on 90 DPI did not (Fig. 2F), suggesting that immune re-
sponses happened during priming stage is of greater importance for 
disease development. 

To investigate whether pathogenic antibodies were produced by 
ASCs in situ, we measured ASCs in knee synovium on 90 DPI. 
CD19− B220− CD138+ mature plasma cells but not CD19+B220+CD138+

plasmablasts could be found in synovium of both B10Q.Ncf458A/58A and 
B10Q.Ncf4R58/R58 mice (Fig. 2G), with an increase of anti-COL2 ASCs 
from mice with Ncf458A (Fig. 2H), and most of them were IgG2b and 
IgG1 ASCs (Fig. 2I). The bone marrow is a survival niche for long-lived 
plasma cells that can give rise to circulating antibodies. Therefore, we 

also checked bone marrow from immunized (90 DPI) mice but we 
observed no effect by the Ncf4R58A mutation on COL2-specific ASCs 
(Fig. 2J and K). Finally, B10Q.Ncf458A/58A mice had more active arthritis 
even at the very late stage as 90 days after immunization, which could be 
both a cause and result of the increased number of ASCs in the synovium. 

2.3. T cell activation during priming stage is not affected by Ncf4R58A 

The increased serum levels of anti-COL2 antibodies in B10Q.Ncf458A/ 

58A mice were IgG class-switched, suggesting that the B cell response 
after COL2 immunization was dependent on B-T cell interactions. To 
understand the mechanism of increased numbers of ASCs in Ncf458A/58A 

mice, we first checked if antigen presentation and T cell activation 
during early priming stage (12 DPI) was affected. The number and major 
histocompatibility complex region class II (MHC II) expression on clas-
sical antigen presenting cells (APCs) (B cells, macrophages and dendritic 
cells) in spleen and inguinal lymph nodes (iLNs) were comparable be-
tween immunized B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A mice 
(Fig. 3A–D). Presentation of the MHCII molecule Aq restricted major 
peptide of COL2 (both GalHyk264 or non-modified K264) and antigen 
processing of COL2 protein by naïve splenocytes, was also not affected in 
the B10Q.Ncf458A/58A mouse strain (Fig. 3E and F). The number of total 
CD4+ T cells and the frequency of memory/effector/naive T cells were 

Fig. 1. Expression of cytosolic NOX2 complex 
subunits and ROS production upon PMA stimu-
lation in B10Q.Ncf4R58A/R58A mice. 
(A–C) Expression of NCF1 (A), NCF2 (B) and NCF4 
(C) in spleen B cells (CD19+ B220+) and neutrophils 
(CD11b+ Ly6G+) from naive B10Q.Ncf4R58/R58 and 
B10Q.Ncf458A/58A mice. Samples without staining the 
target protein (indicated as fluorescence minus one, 
FMO) were used as negative controls. (D–G) Intra-
cellular PMA-stimulated ROS production of spleen 
neutrophils (D) and B cells (F) from naive B10Q. 
Ncf4R58/R58, B10Q.Ncf458A/R58 and B10Q.Ncf458A/58A 

mice. Relative ROS production of spleen neutrophils 
(E) and B cells (G) was calculated by (MFIPMA-MFI-
control)/MFIcontrol, then normalized to the mean of 
B10Q.Ncf4R58/R58group (wt). Results of relative ROS 
production were pooled from two independent ex-
periments. (H) Extracellular PMA-stimulated ROS 
production of spleen leukocytes from naive B10Q. 
Ncf4R58/R58 and B10Q.Ncf458A/58A mice. FMO, fluo-
rescence minus one; MFI, mean fluorescence in-
tensity; DHR, dihydrorhodamine; wt, wild type.   
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comparable between immunized B10Q.Ncf4R58/R58 and B10Q.Ncf458A/ 

58A mice (Fig. 3G and H). Moreover, we observed no differences in recall 
responses of Th1, Th2 and Th17 cells to the rat COL2 peptide Gal-
HyK264 (Fig. 3I). Taken together, Ncf4R58A had no detectable influence 
on COL2 processing and presentation, or on antigen specific T cell 
activation. 

2.4. Ncf458A enhances ASC formation with minor effects on germinal 
center formation 

Next, B cell activation and differentiation during late priming stage 
(day 17 after COL2 immunization) was determined in the draining 
inguinal lymph nodes of immunized B10Q.Ncf4R58/R58 and B10Q. 
Ncf458A/58A mice. The total number of B cells, or expression of the 

activation marker CD86, was not affected by Ncf4R58A (Fig. 4A and B). 
However, the number of ASCs was clearly increased in B10Q.Ncf458A/ 

58A mice (Fig. 4F). Germinal center (GC) B cells showed an increased 
trend in terms of frequency in B10Q.Ncf458A/58A mice but no significant 
difference in the cell number (Fig. 4C) and comparable frequencies of 
dark zone and light zone GC B cells were observed (Fig. 4D). Accord-
ingly, the number of follicular helper T (Tfh) cells was not affected either 
(Fig. 4E). ASCs were further subtyped: CD19 and B220 were used to 
distinguish plasmablast (PB)(B220+), newly formed plasma cell 
(CD19+B220− ) and resting non-dividing plasma cell [or long-lived 
plasma cell [22], LLPC] (CD19− B220− ) (Fig. 4H). Among all the ASCs, 
approximately 50% were LLPCs, 30% were newly formed PCs and 
10–20% were PBs (Fig. 4H). Regarding the frequency of each sub-
populations in total ASCs, B10Q.Ncf4R58/R58 mice had more 

Fig. 2. Ncf458A enhanced autoantibody produc-
tion and disease severity in CIA. 
(A) Disease severity and (B) incidence of rat COL2- 
induced arthritis (CIA) in male B10Q.Ncf4R58/R58, 
B10Q.Ncf458A/R58 and B10Q.Ncf458A/58A mice. Re-
sults were pooled from two independent experiments. 
(C) Levels of total anti-COL2 antibodies in the serum 
from immunized B10Q.Ncf4R58/R58 and B10Q. 
Ncf458A/58A mice on 12, 20, 35, 90 days post immu-
nization (DPI). Data on different DPIs were not ob-
tained from the same batch of experiment, while all 
experiments were performed under the same proto-
col. (D) Levels of different isotypes of anti-COL2 an-
tibodies in the serum from immunized B10Q.Ncf4R58/ 

R58 and B10Q.Ncf458A/58A mice on 20 DPI. (E, F) The 
correlation between disease severity (90 DPI) and 
anti-COL2 antibody titers on 20 DPI (E) and 90 DPI 
(F) was determined using Pearson correlation anal-
ysis. (G) The frequency of ASCs (CD138+) in knee 
synovium from immunized B10Q.Ncf4R58/R58 and 
B10Q.Ncf458A/58A mice on 90 DPI and the expression 
of CD19, B220 on ASCs (red population). B cells 
(CD19+B220+, blue population) from the same sam-
ple were used as the positive control for CD19 and 
B220 staining. Representative FACS plots were 
shown. Results were pooled from two independent 
experiments. (H, I) Total anti-COL2 IgG ASCs (H) and 
anti-COL2 IgG2b, IgG1 ASCs (I) in synovium of 
immunized B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A 

mice on 90 DPI. Graph showed spots per 10% of both 
knee synovium. Representative ELISPOT results of 
total anti-COL2 IgG ASCs in knee synovium were 
shown. (J, K) Total anti-COL2 IgG ASCs (J) and anti- 
COL2 IgG2b, IgG1 ASCs (K) in bone marrow of 
immunized B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A 

mice on 90 DPI. Representative ELISPOT results of 
total anti-COL2 IgG ASCs in bone marrow were 
shown. CIA, collagen-induced arthritis; DPI, days post 
immunization; COL2, collagen type II; ASC, antibody 
secreting cell; BM, bone marrow. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   
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plasmablasts and B10Q.Ncf458A/58A mice had more LLPCs (Fig. 4H). 
While in terms their frequency in live cells and their cell numbers, dif-
ferences were not found in PBs but only in mature PCs (Fig. 4I and J), 
suggesting an increase of ASCs in Ncf458A/58A mice mainly derived from 
B220− mature PCs but not PBs. Antigen specific ASCs were also quan-
tified and there were more anti-COL2 IgG ASCs in B10Q.Ncf458A/58A 

mice (Fig. 4K). Interestingly, during early priming stage (12DPI), there 
were more anti-COL2 IgG and IgG2b ASCs in B10Q.Ncf458A/58A mice 
(Fig. 4L) but no significant difference was found in general ASCs in iLN 
(Fig. 4G), suggesting that the role of NCF4 in preventing differentiation 
is stronger in autoreactive B cells than in other non-autoreactive B cells. 
ASCs and anti-COL2 ASCs could also be detected in bone marrow and 
spleen of COL2-immunized mice (17 DPI), but no differences were 
observed between B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A group 
(Fig. S3A-D). Similar increases were also present in the pristane-induced 
lupus (PIL) model. Mice received a single i.p. injection of pristane, 
resulting in more anti-dsDNA and anti-nucleosome IgG plasma cells in 

bone marrow from immunized B10Q.Ncf458A/58A mice compared to 
B10Q.Ncf4R58/R58 mice (Fig. 4O), but with relatively unaffected number 
of GC B cells and Tfh cells (Fig. 4M, N) on the 10th day post injection. 
This suggests that the observed effect by Ncf4R58A on ASC formation was 
not restricted to COL2. Taken together, the Ncf458A mutation could 
enhance PC formation and autoantibody secretion, but with no or only 
minor effects on GC formation. 

2.5. ASC formation regulated by Ncf4R58A is a B cell intrinsic effect 

To investigate whether the enhanced ASC formation in COL2- 
immunized B10Q.Ncf458A/58A mice is a B cell intrinsic or extrinsic ef-
fect, we performed B cell transfer experiments. B cells sorted from male 
B10Q.Cd452.Ncf458A/58A (all leukocytes express CD45.2) and B6NQ. 
Cd451 (all leukocytes express CD45.1, carrying wild type allele of Ncf4, 
Ncf4R58/R58) mice were equally mixed and transferred to B10Q.Cd452.μ 
Mt.Ncf458A/58A mice, which lack mature B cells. Recipient mice were 

Fig. 3. Antigen presentation and T cell activation 
during priming stage were not affected by 
Ncf4R58A 

(A) The frequency, number and (B) MHC II expres-
sion of B cells (CD19+B220+), macrophages 
(CD11bloLy6C− , gate on Ly6G− CD19− cells) and 
dendritic cells (CD11c+MHChi, gate on Ly6G− CD19−

cells) in iLN of immunized B10Q.Ncf4R58/R58 and 
B10Q.Ncf458A/58A mice on 12 DPI. (C) The frequency, 
number and (D) MHC II expression of B cells, mac-
rophages and dendritic cells in spleen of immunized 
B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A mice on 12 
DPI. (E, F) IL2 production by COL2-specific hybrid-
oma incubated with spleen cells from naive B10Q. 
Ncf4R58/R58 and B10Q.Ncf458A/58A mice in the pres-
ence of GalHyK264 peptide, K264 peptide (E) or de-
natured COL2 (F) for 24 h. (G) The frequency and 
number of CD4+ T cells in iLN of immunized B10Q. 
Ncf4R58/R58 and B10Q.Ncf458A/58A mice on 12 DPI. 
(H) Percentage of naive T cells (CD62L+CD44− ), 
effector T cells (CD62L− CD44mid) and memory T cells 
(CD62L− CD44hi) in CD4+ T cells in iLN of immunized 
B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A mice on 12 
DPI. The representative gate was shown. (I) Spleen 
and iLN cells from immunized B10Q.Ncf4R58/R58 and 
B10Q.Ncf458A/58A mice (12 DPI) were stimulated with 
GalHyK264 peptide for 24 h and subjected to IFNγ, 
IL17 and IL4 ELISPOT assay. Results were pooled 
from two independent experiments. APC, antigen 
presenting cell; iLN, inguinal lymph node.   
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Fig. 4. Ncf458A enhanced ASC formation with minor 
effects on germinal center formation 
(A) The frequency, number and (B) CD86 expression of B 
cells in iLN from immunized B10Q.Ncf4R58/R58 and B10Q. 
Ncf458A/58A mice on 17 DPI. Results were pooled from two 
independent experiments. (C) The frequency and number 
of germinal center B cells (GL7+CD95+ cells, gate on 
B220+CD19+IgD− population) in iLN from naive and 
immunized B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A mice 
(17 DPI). Representative gate was shown. (D) The fre-
quency of dark zone (CXCR4+CD86− ) and light zone 
(CXCR4− CD86+) GC B cells in iLN from immunized B10Q. 
Ncf4R58/R58 and B10Q.Ncf458A/58A mice on 17 DPI. Repre-
sentative gate was shown. (E) The frequency and number 
of follicular helper T (Tfh) cells (CXCR5+PD1+ cells, gate 
on CD3+CD4+ population) in iLN from immunized B10Q. 
Ncf4R58/R58 and B10Q.Ncf458A/58A mice on 17 DPI. Repre-
sentative gate was shown. (F) The frequency and number 
of ASCs (CD138+Sca-1+IgD− ) in iLN from naive and 
immunized B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A mice 
on 17 DPI. Representative gate was shown. (G) The fre-
quency and number of ASCs (CD138+ Sca-1+ IgD− ) in iLN 
from naive and immunized B10Q.Ncf4R58/R58 and B10Q. 
Ncf458A/58A mice on 12 DPI. Results were pooled from two 
independent experiments. (H, I) The frequency of ASC 
subpopulations: plasmablasts (PBs) (CD19+B220+), newly 
formed plasma cells (NEW PCs) (CD19+B220-) and long- 
lived plasma cells (LLPCs)(CD19-B220-) in total ASCs (H) 
and live cells (I) of iLN from immunized B10Q.Ncf4R58/R58 

and B10Q.Ncf458A/58A mice (17 DPI). Representative gate 
was shown. (J) The number of PBs, NEW PCs and LLPCs in 
iLN from immunized B10Q.Ncf4R58/R58 and B10Q.Ncf458A/ 

58A mice (17 DPI). (K) Total anti-COL2 IgG ASCs in iLN 
from immunized B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A 

mice on 17 DPI (L) Total anti-COL2 IgG ASCs and anti- 
COL2 IgG2b ASCs in iLN from immunized B10Q.Ncf4R58/ 

R58 and B10Q.Ncf458A/58A mice on 12 DPI. Representative 
anti-COL2 IgG2b ELISPOT results were shown. (M) Mice 
were induced lupus using a single i.p. injection of pristane 
(pristane-induced lupus, PIL). The frequency and number 
of germinal center B cells (GL7+CD95+ cells, gate on 
B220+CD19+IgD− population) in spleen from B10Q. 
Ncf4R58/R58 and B10Q.Ncf458A/58A mice were checked on 
10 days post injection (dpi). (N) The frequency and num-
ber of Tfh cells (CXCR5+PD1+ cells, gate on CD3+CD4+

population) in spleen from B10Q.Ncf4R58/R58 and B10Q. 
Ncf458A/58A mice in PIL model (10 dpi). (O) Total IgG 
ASCs, anti-dsDNA ASCs and anti-nucleosome ASCs in bone 
marrow and spleen from B10Q.Ncf4R58/R58 and B10Q. 
Ncf458A/58A mice in PIL model (10 dpi). GC B, germinal 
center B cells; Tfh, follicular helper T; PB, plasmablast; 
NEW PC, newly formed plasma cell; LLPC, long-lived 
plasma cell; PIL, pristane induced lupus; dpi, days post 
injection.   
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immunized with bovine COL2, 2 days after transfer (day 0) (Fig. 5A). 
Purity of B cells after sorting and transfer efficacy were checked on day 
− 2, day 0 and 16 DPI (Fig. S4A-D). Spleen, lymph nodes and bone 
marrow were harvested 16 days after immunization. B cells were present 
in the peripheral blood, spleen, lymph nodes and bone marrow 
(Fig. S4E-G) on 16 DPI. There were slightly more CD45.1+ B cells than 
CD45.2+ B cells in spleen, axillary lymph nodes and bone marrow, and 
no differences in iLN, mesenteric lymph nodes and blood (Fig. S4F). The 
majority of transferred B cells stayed in the spleen (Fig. S4E), possibly 
because they were transferred intravenously. We next measured GC and 
ASC formation in these mice. Most ASCs were derived from B10Q.Cd452. 
Ncf458A/58A B cells while more GCs were formed from B6NQ.Cd451 B 
cells (Fig. 5B and C), suggesting that NCF4 had a B cell intrinsic effect in 
both activation and differentiation. The ASC population was further 
divided into PB (9%), newly formed PC (27%) and LLPC (60%) (Fig. 5D), 
and the influence of Ncf4R58A on ASC formation was mainly found in 
newly formed PC (CD19+B220− ASC) (Fig. 5E and F). 

It has been reported that, CD45.1/CD45.2 congenic bone marrow 
transplantation has a sex-related reconstitution bias [23,24] as CD45.1+

B cells had a reduced reconstitution potential in female recipients. We 
also observed a related phenomenon in our experiments, despite the fact 
that we used mature B cells for transfer. When we checked B cells in 
spleen on 16 DPI, no CD45.1+ B cells could be found in female recipient 

mice (Fig. S4H), while in male recipient, there were comparable 
CD45.1+ and CD45.2+ B cells (Fig. S4I), suggesting it was a more pro-
nounced sex-related effect for mature B cells transfer and reconstitution. 
Therefore, we only used male mice as donors and recipients. To exclude 
the effect of CD45.1 as well as the different backgrounds of donor mice, 
the experiments were repeated using both possible combinations: B cells 
sorted from B6NQ.CD451 + B10Q.Cd452.Ncf4R58/R58 mice, and B cells 
sorted from B6NQ.Cd451 + B10Q.Cd452.Ncf458A/58A mice. In this 
experiment the recipient mice were transferred and subsequently 
immunized at the same time. Purity of B cells after sorting and transfer 
efficacy were checked on day − 2 and day 0 (Fig. S4J-M, Table S1). ASC 
formation was checked on 16 DPI, and difference could again only be 
found in the group with B cells from B6NQ.Cd451 + B10Q.Cd452. 
Ncf458A/58A mice but not in the reciprocal group (Fig. 5G), confirming 
that the difference was dependent on Ncf4R58A. 

Next, we checked if these PCs, formed after transfer, functioned 
normally. This time B10Q.Ncf4R58/R58 B cells and B10Q.Ncf458A/58A B 
cells were transferred separately into B10Q.μMT.Ncf458A/58A mice and 
immunized 2 days later (Fig. 5H). There were more anti-COL2 IgG an-
tibodies on 20 DPI and 42 DPI in mice transferred with B10Q.Ncf458A/ 

58A B cells, compared with mice transferred with B10Q.Ncf4R58/R58 B 
cells (Fig. 5I). 

Taken together, these data showed that B cells expressing Ncf458A 

Fig. 5. B cells with Ncf458A were more competitive in forming ASCs. 
(A) Scheme of B6NQ.Cd451 + B10Q.Cd452.Ncf458A/58A chimeric B cell transfer experiment. (B) Representative plots and (C) percentage of CD45.1+ and CD45.2+

cells in B cells (CD19+B220+), GC B cells (CD95+GL7+, gate on IgD− B cells) and ASCs (CD138+Sca-1+, gate on IgD− cells) in the spleen of immunized recipient μMt. 
Ncf458A/58A mice on 16 DPI. Immunized μMt.Ncf458A/58A mice without transferring B cells were used as negative controls for each gating. (D) Representative plots 
and percentage of ASC subpopulations: PB (CD19+B220+), NEW PC (CD19+B220− ) and LLPC (CD19− B220− ) in ASCs in the spleen of immunized recipient μMt. 
Ncf458A/58A mice on 16 DPI. (E) Frequency of CD45.1+ and CD45.2+ cells in PB, NEW PC and LLPC in the spleen of immunized recipient μMt.Ncf458A/58A mice on 16 
DPI. (F) Frequency of CD45.1+ PB, NEW PC, LLPC and CD45.2+ PB, NEW PC, LLPC in live cells in the spleen of immunized recipient μMt.Ncf458A/58A mice on 16 DPI. 
(G) Percentage of CD45.1+ and CD45.2+ cells in ASCs (CD138+Sca-1+, gate on IgD− cells) in the spleen of immunized μMt.Ncf458A/58A mice transferred with B10Q. 
Cd452.Ncf4R58/R58+ B6NQ.Cd451 or B10Q.Cd452.Ncf458A/58A + B6NQ.Cd451 B cells on 16 DPI. (H) Scheme of B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A B cell transfer 
experiment. (I) Levels of anti-COL2 antibodies in the serum from immunized recipient μMt.Ncf458A/58A mice transferred with B10Q.Ncf4R58/R58 B cells or B10Q. 
Ncf458A/58A B cells on day 0, 20 DPI and 42 DPI. 
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preferentially differentiated to functional plasma cells secreting autor-
eactive anti-COL2 antibodies. 

2.6. Differentiation of Ncf458A-expressing B cells to plasmablasts is 
promoted by their lower intracellular ROS level 

We established an in vitro system to identify the conditions whereby 
Ncf458A could enhance the PC differentiation. We cultured B cells for 3 
days with various known stimuli (LPS, CD40L i.e., CD40L expressing 
fibroblasts, IL21+CD40L, anti-μ+IL21+CD40L, IL4+IL21+CD40L or 
IL4+IL21+anti-μ+CD40L) with no effect on cell viability between 
Ncf458A/58A and Ncf4R58/R58 groups (Fig. S5A). After 3 days LPS stimu-
lation, B cells from B10Q.Ncf458A/58A spleen clearly formed more plas-
mablasts both in terms of frequency and cell number (Fig. 6A). There 
were also more IgM in the supernatant of cultures with B10Q.Ncf458A/ 

58A B cells (Fig. 6B). In the CD40L stimulating group, the results were 
however not consistent. When stimulating with CD40L, IL21, with or 

without (w/wo) IL4, no difference was found between B10Q.Ncf4R58/R58 

and B10Q.Ncf458A/58A B cells. However, if we added anti-μ stimulation 
in this system, we found more plasmablasts formed from B cells with 
Ncf458A/58A (Fig. 6C). Because anti-μ antibody neutralized Ig secretion, 
we could not observe antibody differences in the supernatant (Fig. 6D). 
These results suggest that Ncf458A promotes ASC formation if stimulated 
through the TLR4 or the B cell receptor (BCR) pathway. 

Next, we determined if stimulating TLR4 or BCR could activate the 
NOX2 complex and if it was NCF4-dependent. Intracellular ROS pro-
duction of stimulated B cells was measured by dihydrorhodamine (DHR) 
assay. We found that LPS activation of B cells with Ncf458A/58A led to a 
lower ROS response than Ncf4R58/R58 B cells (Fig. 6F). Although CD40 
ligation was reported to be able to induce ROS burst through the NOX2 
complex [25], ROS production stimulated by CD40L+IL21 w/wo IL4 
was not affected by Ncf4R58A. However, stimulation through the B cell 
receptor induced intracellular ROS production at a lower level in 
Ncf458A/58A B cells (Fig. 6E), similar to the LPS stimulation (Fig. 6F). 

Fig. 6. Differentiation of Ncf458A-expressing B 
cells to plasmablasts in vitro was promoted by 
their lower intracellular ROS level 
(A) The number and frequency of plasmablasts within 
B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A B cells after 
stimulated with LPS for 84 h. The representative gate 
was shown. (B) Secreted IgM in the culture superna-
tant of B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A B 
cells after stimulated with LPS for 84 h. (C) The 
number and frequency of plasmablasts within B10Q. 
Ncf4R58/R58 and B10Q.Ncf458A/58A B cells after stim-
ulated with irradiated CD40L expressing fibroblasts 
(CD40L), CD40L+IL21; CD40L+IL21+anti-μ; 
CD40L+IL21+IL4 or CD40L+IL21+IL4+anti-μ for 
84 h. Representative gates were shown. (D) Secreted 
IgM in the culture supernatant of B10Q.Ncf4R58/R58 

and B10Q.Ncf458A/58A B cells after stimulated with 
CD40L, CD40L+IL21; CD40L+IL21+anti-μ; 
CD40L+IL21+IL4 or CD40L+IL21+IL4+anti-μ for 
84 h. (E) Intracellular ROS production of B10Q. 
Ncf4R58/R58 and B10Q.Ncf458A/58A B cells stimulated 
by CD40L+IL21; CD40L+IL21+anti-μ; 
CD40L+IL21+IL4 or CD40L+IL21+IL4+anti-μ for 1 
day. (F) Intracellular ROS production of B10Q. 
Ncf4R58/R58 and B10Q.Ncf458A/58A B cells stimulated 
by LPS and LPS + GSK2795039 (GSK) for 1 day. (G) 
The number and frequency of plasmablasts within 
B10Q.Ncf4R58/R58 and B10Q.Ncf458A/58A B cells 
stimulated with LPS in the presence of GSK or H2O2 
(during 40 h–84 h of incubation). GSK, GSK2795039.   
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To confirm that this effect on differentiation was ROS dependent, we 
added the NOX2 complex inhibitor GSK2795039 (GSK) or H2O2 to LPS- 
stimulated B cells at the later differentiation stage (40 h–84 h of incu-
bation) [26]. As shown in Fig. 6F, GSK could inhibit ROS production 
from NOX2 complex effectively. After 3 days incubation, there were 
more plasmablasts formed in both Ncf4R58/R58 and Ncf458A/58A groups 
inhibited with GSK (Fig. 6G). As Ncf458A only partly decreased ROS 
production, a further decrease of intracellular ROS by GSK enhanced 
plasmablasts formation further. After adding H2O2, the number of 
plasmablasts decreased in both groups and no differences were observed 
between Ncf4R58/R58 and Ncf458A/58A groups anymore (Fig. 6G). These 
results confirmed that the regulation by Ncf4R58A on ASC formation 
operated through intracellular ROS production. 

2.7. Altered expression of CXCR3 and CXCR4 on ASCs from B cells with 
Ncf458A 

The increased number of ASCs formed in draining lymph node fol-
licles of Ncf458A/58A mice migrated preferentially to the inflamed joint 
synovial tissues and we next attempted to explain this migration pattern. 

We observed a decrease in the number of ASCs (Fig. S6A) and almost 
no PBs (Fig. S6C) in iLN on 20 DPI compared to that on 17 DPI 
(Fig. S6B), suggesting that the priming B cell responses were mostly 
completed and ASCs had migrated out of iLNs before 20 DPI. Next, we 
determined CXCR3 and CXCR4 expression on ASCs formed from B10Q. 
Ncf4R58/R58 and B10Q.Ncf458A/58A B cells, as CXCR4 homes ASCs to bone 
marrow, while CXCR3 drives ASCs to inflamed tissues [27]. In the 
chimeric B cell transfer experiments (performed in Fig. 5A), CXCR4 was 
upregulated during B cell differentiation and ASC maturation (Fig. 7A). 
B cells with Ncf458A/58A expressed higher level of CXCR4 while this ef-
fect was gradually diminished as B cell differentiated to PBs and PCs. 
Notably, the long-lived PCs (CD19− B220− ) with Ncf458A/58A showed 
lower expression of CXCR4 compared to LLPCs from B10Q.Ncf4R58/R58 B 
cells (Fig. 7A). CXCR3 expression on ASCs from B10Q.Ncf4R58/R58 B cells 
was downregulated as PBs matured to LLPCs, but this regulation was 
impaired by Ncf458A, and the CXCR3 expression remained relatively 

higher on mature plasma cells from B10Q.Ncf458A/58A B cells (Fig. 7B). 
To investigate how CXCRs were induced, we stimulated freshly isolated 
B cells in vitro with different stimuli. After LPS stimulation, PBs derived 
from B10Q.Ncf458A/58A B cells showed lower CXCR4 expression and 
comparable CXCR3 expression compared to plasmablasts derived from 
B10Q.Ncf4R58/R58 B cells (Fig. 7C). With CD40L stimulation, differences 
could only be found when stimulated together with anti-μ. Anti-μ 
stimulation downregulated CXCR3 and CXCR4 expression on 
CD40L+IL21+IL4 induced plasmablasts, while plasmablasts derived 
from B10Q.Ncf458A/58A B cells remained a relatively higher level of 
CXCR3 expression compared to plasmablasts derived from B10Q. 
Ncf4R58/R58 B cells (Fig. 7D), suggesting the downregulation of CXCR3 
might be operated through the antigen receptor pathway and this 
regulation could be influenced by Ncf4R58A. Taken together, these re-
sults showed that Ncf458A not only enhanced ASC formation but also 
influenced its migration patterns. 

3. Discussion 

To clarify the importance of genetic polymorphisms associated with 
NOX2 complex in B cell dependent autoimmune diseases requires a 
greater understanding of how NOX2 complex-derived ROS regulate B 
cells. By studying the effect of a mutation (R58A) on Ncf4 which results 
in a replacement of an amino acid interacting with endosomal lipid 
membranes, we could investigate the role of intracellular ROS on B cell 
activation. We found that the decreased intracellular ROS due to the 
Ncf458A mutation did not affect interactions with T cells but could 
promote ASC formation and maturation to plasma cells. These cells 
produced autoreactive COL2-specific antibodies and preferentially 
migrated to inflamed synovial tissues rather than bone marrow, where 
they likely contributed to sustained disease and chronicity. 

NCF4 (alternatively named p40phox) is a cytosolic protein which 
together with NCF1 and NCF2 adheres to the membrane NOX2 complex 
component to induce a ROS response. A role of NCF4 is to preferentially 
direct the cytosolic NCF1-NCF2-NCF4 proteins to endosomal mem-
branes to activate the NOX2 complex intracellularly. An arginine 

Fig. 7. Altered expression of CXCR3 and CXCR4 
on ASCs differentiated from B cells with Ncf4R58A 

(A, B) Expression of CXCR4 (A) and CXCR3 (B) on B 
cells, PBs (CD19+B220+ ASCs [IgD− CD138+Sca-1+]), 
NEW PCs (CD19+B220− ASCs) and LLPCs 
(CD19− B220− ASCs) from B6NQ.Cd451 + B10Q. 
Cd452.Ncf458A/58A chimeric B cell transfer experiment 
(experiments performed in Fig. 5A). (C) Expression of 
CXCR4 and CXCR3 on B cells and PBs from LPS- 
induced B cell differentiation experiments (experi-
ments performed in Fig. 6A). (D) Expression of 
CXCR4 and CXCR3 on PBs induced by 
CD40L+IL21+IL4 with or without anti-μ for 3 days 
(experiments performed in Fig. 6C). w/wo, with or 
without.   

C. He et al.                                                                                                                                                                                                                                       



Redox Biology 56 (2022) 102422

10

replacement to an alanine at position 58 affects NCF4 adhesion to 
phospholipid phosphatidylinositol 3-phosphate (PtdIns3P) [28] result-
ing in reduction of intracellular ROS responses, whereas knockout of 
NCF4 protein reduces NCF1 and NCF2 components expression leading to 
blockage of both intra and extracellular ROS responses. The m1j muta-
tion in Ncf1, which results in a non-functional truncated protein and 
blocking of the lipid membrane adhesion, also reduces both intra and 
extracellular ROS responses, and has a profound effect on tolerance and 
autoimmune diseases [29]. Thus, the Ncf4R58A mutation provides a 
unique opportunity to understand the effects of intracellular ROS re-
sponses by the NOX2 complex. 

Previously, we have shown that ROS produced by antigen presenting 
cells could oxidize thiols on and inside T cells [30], thereby protect 
against autoimmune arthritis models. Such a mechanism is dependent 
on NCF1 while the observation here suggests that NCF4, affecting 
intracellular ROS only, cannot mediate such protective effects on T cells 
in CIA. However, human NCF4-deficient (NCF4R105Q) B cells displayed a 
reduced capacity of presenting several exogenous antigens while pre-
sentation of membrane autoantigens was efficient [31]. Taken together, 
the influence of NCF4 on antigen presentation differs by antigen speci-
ficity and NCF4 may skew the epitope selection. 

Where exactly the activation of the NOX2 complex happens during B 
cell differentiation is however not clear. As the activation requires 
interaction with antigens, there are several phases where this could 
occur: extrafollicular interaction with antigens, the interaction with T 
cells at T-B border, and the repetitive activation during the germinal 
center reaction. All these interactions can lead to the differentiation 
towards plasmablasts. Plasmablasts from an extrafollicular responses 
typically peak 4–6 days after immunization while plasmablasts pro-
duced from the GC response peaks 2 weeks after immunization [32]. In 
our study, we observed an increase in PC formation at the priming stages 
accompanied with sustained higher isotype-switched anti-COL2 anti-
body titers in mice with Ncf458A. As the half-life of most plasmablasts is 
only a few days [33], the observation that cells secreting anti-COL2 IgG 
in the synovial tissues 90 days after primary immunization most likely 
reflects that they ended up as long-lived plasma cells secreting patho-
genic antibodies in the targeted cartilaginous joints. Studies have sug-
gested that long-lived plasma cells are mostly derived from an authentic 
germinal center reaction [32]. Thus, most likely, the Ncf458A mutation 
also promotes plasma cell formation from the germinal center reaction. 

The migration of plasma cells to the joints is compatible with the 
prolonged chronic arthritis seen in the Ncf458A mutated mice. It is well 
recognized that chronic inflammation could lead to modulation of 
chemokine receptor expression on B cells and plasma cells [34,35]. 
CXCR3 expression of B cells and plasma cells is up-regulated in rheu-
matoid arthritis and systemic lupus erythematosus [36]. However, our 
study showed that CXCR3 expression on B cells and ASCs could be 
regulated intrinsically before the inflammation occurred. 
NCF4-dependent ROS induced by BCR ligation is needed for controlling 
the expression of CXCR3, indicating another aspect of redox regulation 
on B cell differentiation. 

The COL2-B cells are autoreactive. They secret pathogenic antibodies 
binding cartilage in vivo. Nevertheless, COL2-B cells are positively 
selected in the bone marrow, which was confirmed here by the presence 
of these cells in healthy mice [37]. It means that COL2 autoreactive B 
cells are already selected and present at the time of the COL2 immuni-
zation. Indirect evidence argues for that such B cells are regulatory [37], 
but if they differentiate to plasma cells, they can secrete pathogenic 
antibodies. It is possible that ROS induced during cell activation in the 
follicle, hinder the cells to differentiate to plasma cells and therefore 
protecting from disease enhancement. This could be generalized to all 
autoreactive B cells with a potential to produce autoantibodies, both 
natural polyreactive antibodies, as in lupus, and more specific cartilage 
specific antibodies, as in arthritis. To drive B cells to plasma cells we 
immunized the mice with rat or bovine COL2, which activates 
COL2-reactive T cells, thereafter activating COL2-reactive B cells. 

Decreased intracellular ROS in Ncf458A COL2-reactive B cells lowered 
the threshold for differentiating to plasma cells which could secrete 
pathogenic antibodies, leading to arthritis. 

The oxygen metabolites that mediates signaling from the ROS in-
duction is hydrogen peroxide, due to its sustained stability, which can 
oxidize selected sets of thiols on proteins and signaling pathways of the B 
cells [38]. There are however 20–40.000 such thiols in a B cell and it is 
likely that numerous interacting pathways can be affected [39], reach-
ing a high level of complexity. BCR signaling plays a central role in 
controlling B cell fate decisions. Depending on the context, BCR ligation 
could lead to cell survival, apoptosis, proliferation or differentiation 
[40]. ROS has been shown to augment BCR signaling by inhibiting the 
activity of protein tyrosine phosphatase which negatively regulates BCR 
signaling [41]. NOX2 complex is responsible for generating the rapid 
initial production of ROS [42] while BCR proximal signaling and 
downstream signaling pathways are not affected by NOX2 [43,44]. 
Bertolotti et al. showed that gp91phox− /− B cells had impaired IgM 
secretion upon LPS stimulation [38] possibly because an early oxidative 
step was necessary to start the differentiation program [26]. In 
late-differentiating B cells, antioxidant induced an increase in antibody 
production [42], suggesting NOX2-derived ROS play a dule role in 
different stages of B cell differentiation. However, exactly how 
NOX2-derived hydrogen peroxide targets different pathways can only be 
solved on a higher level of complexity involving interactions of thou-
sands of redox regulated targets in different interacting pathways. 

4. Conclusions 

This study shows that B cells are regulated by intrinsically produced 
ROS, derived from the NOX2 complex and modified by NCF4. Mutations 
affecting an arginine at position 58 on NCF4 regulates intrinsic oxidative 
burst in B cells, driving plasma cells formation and influencing their 
migration patterns, which is a risk factor for the development of auto-
immune manifestations. 

5. Materials and methods 

5.1. Mice 

Founders of Ncf4R58A/R58A mice [28] were generously provided by 
Phillip T. Hawkins (Babraham Institute, Cambridge, UK) and crossed 
with C57BL/10.Q/rhd mice (abbreviated B10Q.Ncf4R58A/R58A) for more 
than 10 generations to obtain an arthritis-permissive major histocom-
patibility complex type II (MHC II) Aq haplotype. B10Q.Ncf458A/58A mice 
were obtained from heterozygous breeding and cohoused with hetero-
zygous and wild-type littermate controls (indicated as B10Q.Ncf458A/R58 

and B10Q.Ncf4R58/R58). Cd451 mice (B6.SJL-Ptprca Pepcb/BoyJ) and 
μMt− /− mice (B6.129S2-Ighmtm1Cgn/J) were purchased from Jackson 
Laboratory. They were crossed with C57BL/6N.Q mice (abbreviated 
B6NQ.Cd451) and B10Q mice (abbreviated B10Q.μMt− /− ) respectively 
for more than 10 generations to obtain the H2-Aq haplotype. Then, 
B10Q.μMt− /− mice were crossed with B10Q.Ncf458A/58A mice to obtain 
B cell deficient mice with Ncf458A/58A background (abbreviated μMt. 
Ncf458A/58A). 

Genotype of B10Q.Ncf4R58A/R58A mice was determined by qPCR with 
a primer set of forward 5′ CAAAAGGAGGGTCCAAGTATCTCA 3′, 
reverse 5′ CAAACCGCTCCTCGAGCTT 3′ and two specific dye-tagged 
Taqman probe TACCGCGCCTATC [FAM] and TACCGCCGCTATC 
[VIC]. Genotype of B10Q.μMt− /− mice was determined by PCR with a 
primer set of 5′ CCG TCT AGC TTG AGC TAT TAG G 3′, 5′GAA GAG GAC 
GAT GAA GGT GG3′, and 5′ TTG TGC CCA GTC ATA GCC GAA T 3′, 
which was re-confirmed that no B cells could be found in peripheral 
blood by staining anti-CD19, anti-B220 and checking by flow cytometry. 
Genotype of Cd451 mice was determined by CD45.1/CD45.2 expression 
on leukocytes in peripheral blood. White blood cells were stained with 
anti-CD45.1 and anti-CD45.2 and checked by flow cytometry. 
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All mice were kept under controlled temperature and humidity with 
a 12-h light-dark regimen environment in polystyrene cages (IVF) under 
specific pathogen free condition in the animal section of medical 
inflammation research at the Karolinska Institute, Stockholm. Experi-
ments followed the ARRIVE guidelines [45]. 

5.2. Antibodies and flow cytometry 

Antibodies were purchased from BD Bioscience, Biolegend, and 
EBioscience, including anti-CD19(1D3), anti-CD45R(B220)(RA3-6B2), 
anti-IgM(ll-41), anti-IgD(11-26c.2a), anti-CD117(c-kit)(2B8), anti-CD2 
(RM2-5), anti-CD45(30-F11), anti-CD93(AA4.1), anti-CD23(2G8), anti- 
CD21/CD35(7E9), anti-CD3ε(145-2C11), anti-CD4(RM4-5), anti-CD62L 
(MEL-14), anti-CD44(IM7), anti-CD8(53-6.7), anti-CD11b(M1/70), 
anti-CD11c(N418), anti-Ly6C(AL-21), anti-Ly6G(1A8), anti-H-2, I-A/I- 
E(2G9), anti-F4/80(RM8), anti-CD138(281-2), anti-Ly6A/E(Sca-1)(D7), 
anti-Ly77(GL7), anti-CD95(15A7), anti-CD45.1(A20), anti-CD45.2 
(104), anti-CD184(CXCR4)(L276F12), anti-CD86(GL1), anti-CD183 
(CXCR3)(CXCR3-173), anti-CXCR5 (CD185) (SPRCL5), anti-CD279 (PD- 
1) (RMPI-30) with the fluorescence FITC, PE, PerCP-Cy5.5, PE-Cy7, 
APC, Alexa Fluor 700, APC-Cy7, Pacific Blue, BV605 or BV650. Died 
cells were excluded by fixable near-IR dead cell stain kit (Molecular 
Probes, #L34976B). Briefly, for staining markers on cell surface, single 
cell suspension was obtained from spleen, lymph nodes and bone 
marrow. Spleen and bone marrow cells were first incubated with 
ammonium chloride-potassium (ACK) buffer (homemade) for 5min at 
RT to lyse red blood cells. Then, cells were washed, incubated with Fcγ 
receptor blocker (24G2) for 10min at RT followed by 20min surface 
markers staining in dark on ice. For intracellular staining of NOX2 
complex cytosolic subunits, cells were first stained with surface markers, 
fixed and permeabilized by Fixation and Permeabilization buffer (BD 
Bioscience, #554722). Then, they were stained with anti-p47phox 
(NCF1, D-10), anti-p67phox (NCF2, D-6) and anti-p40phox (NCF4, D- 
8) (all from Santa Cruz). Samples without staining the targeted protein, 
which were indicated as fluorescence minus one (FMO), were used as 
the negative controls. After that, cells were washed, acquired with At-
tune NxT flow cytometer (ThermoFisher) and analyzed by Flowjo.10.6. 

5.3. ROS detection 

Intracellular ROS was detected by flow cytometry. Briefly, cells were 
first stained with cell surface markers, then incubated with 3 μM dihy-
drorhodamine (DHR) 123 (Invitrogen, #D23806) for 10 min at 37 ◦C 
and stimulated with 200 ng/ml PMA (Sigma-Aldrich, #P1585) for 20 
min at 37 ◦C. Dimethyl sulfoxide (DMSO) (Molecular Probes, 
#L34976B) was used for control group. Geometric mean fluorescence 
intensity (MFI) of DHR was detected by flow cytometry. 

Extracellular ROS production was detected by chemiluminescence 
assay. Briefly, cells were stimulated with 100 ng/ml PMA for 60 min in 
HBSS (with Ca2+ and Mg2+) (ThermoFisher, #14025050) containing 
150 μM isoluminol (Sigma-Aldrich, #A8264) and 18.75U/ml HRP II 
(Sigma-Aldrich, #P8250). Cells without PMA stimulation were used as 
negative controls. Data output was measured in relative light units 
(RLU). 

5.4. Induction and evaluation of collagen-induced arthritis (CIA) 

Rat type II collagen (COL2) was obtained from pepsin-digested 
SWARM chondrosarcoma, and subsequently processed as previously 
described [46]. Mice were immunized with rat COL2 (1 mg/ml, 100 mg 
per mouse) emulsified 1:1 in 50 μl complete Freund’s adjuvant (CFA, 
Nordic Biolabs #263810) intradermally at the base of tail. When indi-
cated in the figure, they were boosted on the 35th day after primary 
immunization with rat COL2 emulsified 1:1 in incomplete Freund’s 
adjuvant (IFA, Nordic Biolabs #263910) in a total volume of 50 μl. All 
experiments were performed blindly, with age and sex-matched 

littermates and with groups randomly distributed in cages. 
Arthritis severity was scored using a macroscopic scoring system 

[47] blindly at the indicated time points after primary immunization. 
Briefly, 1 point was given for one red and swelling finger/toe, 1–5 points 
were given for each inflamed ankle/wrist or paw/hand according to the 
severity. A total of 15 points could be given to one limb and all mice 
were scored arrange from 0 to 60 points. Mice were bled from the 
sub-mandibular vein at indicated time points in order to detect 
anti-COL2 antibodies by ELISA. Briefly, serum was diluted and added to 
COL2-coated (10 μg/ml) ELISA plates (Biolegend, #423501). Bound Igs 
were detected with HRP-conjugated goat anti-mouse Ig kappa (Southern 
Biotech, #1170-05) or anti indicated isotypes of mouse Igs (anti-IgG1 
[#1070-05], anti-IgG2b [#1091-05], anti-IgG2c [#1078-05], anti-IgM 
[#1021-05], all from Southern Biotech) and ABTS (Roche, 
#11112422001). The absorbance was read at 405nm (Synergy-2; Bio-
Tek Instruments). For total anti-COL2 antibodies, recombinant 
anti-COL2 antibody (0.1 mg/ml, homemade) was used as standard. All 
animal experiments were performed under valid ethical permits 
approved by animal welfare authorities (Stockholm region, Sweden). 

5.5. Antigen-specific antibody secreting cells detection 

Single cell suspension was obtained from spleen, lymph nodes, bone 
marrow, synovium and resuspended in complete RPMI (ThermoFisher, 
#61870044) media containing 10% FCS (ThermoFisher, #26140079) 
and penicillin/streptomycin (Sigma, #P4333). Then, cells were added 
into COL2-coated (10 μg/ml), dsDNA-coated (20 μg/ml, Sigma-Aldrich, 
#D3664), nucleosome-coated (10 μg/ml, homemade) or anti-IgG-coated 
(1 μg/ml) ELISPOT plates (Merck Millipore, #MSIPS4W10). For dsDNA 
coating, Poly-L-Lysine (20 μg/ml, #P2658) was pre-coated one day 
before and dsDNA was coated in sterile TE buffer. After 2 h incubation at 
37 ◦C, plates were washed and detected by biotinylated goat anti-mouse 
IgG (Southern Biotech, #1030-08), IgG1(Southern Biotech, #1070-08) 
or IgG2b (Southern Biotech, #1090-08), followed by ExtrAvidin® con-
jugated alkaline phosphatase (Sigma-Aldrich, #E2636) and BCIP/NBT 
(Sigma-Aldrich, #B5655). Spots were scanned with ImmunoScan and 
analyzed with ImmunoSpot software (Cellular Technology Ltd.). 

5.6. T cell recall assay 

Peptides spanning the sequence 259–273 of COL2 with a non-
modified lysine at position 264 (K264) or with a β-D-galactopyranosyl 
residue on L-hydroxylysine at position 264 (GalHyK264) were synthe-
sized as previously described [48]. Cells from spleen and inguinal lymph 
nodes were subjected to anti–IFNγ (AN18) (Mabtech, #3321-3-1000), 
anti-IL17A (TC11-18H10.1) (BD, #555068), anti-IL4 (11B11) (BD, 
#554434) (5 μg/ml) pre-coated ELISPOT plates and stimulated with the 
GalHyK264 peptide for 24 h. Bound cytokines were detected with bio-
tinylated anti–IFNγ (R46-A2) (Mabtech, #3321-6-1000) or anti-IL17A 
(TC11-8H4) (Biolegend, #507002) or anti-IL4 (BVD6-24G2) (BD, 
#554390) (1 μg/ml) and ExtrAvidin conjugated alkaline phosphatase. 
Spots were developed with BCIP/NBT. Scanned wells were analyzed 
with ImmunoSpot software. 

5.7. Antigen presentation assays 

Splenocytes were co-cultured with COL2-specific T cell hybridoma 
(HCQ.3 or HCQ.4 hybridoma) cells for 24 h in the presence of heat- 
denatured COL2 (using HCQ.3), K264 (using HCQ.4) or GalHyK264 
peptide (using HCQ.3). IL2 production in the supernatant was detected 
by ELISA. Briefly, culture supernatant was subjected to anti-IL2 (Jes6- 
1A12, homemade, 1 μg/ml) pre-coated plates, and captured IL2 was 
detected by biotinylated anti-IL2 (Jes6-5H4, homemade, 1 μg/ml) with 
Eu-labeled streptavidin (PerkinElmer, #1244-360) and measured by 
dissociation-enhanced time-resolved fluorometry (excitation 360/40 
and emission 620/40, Synergy-2; BioTek Instruments). Recombinant 

C. He et al.                                                                                                                                                                                                                                       



Redox Biology 56 (2022) 102422

12

murine IL2 (Peprotech, #212-12) was used as standard. 

5.8. B cell isolation and in vitro differentiation 

B cells were isolated by magnetic-activated cell sorting (MACS) 
techniques following the protocol provided by Miltenyi Biotec (Order 
no.130-121-30, CD19 MicroBeads, mouse). Briefly, splenocytes were 
resuspended in MACS buffer and incubated with CD19 MicroBeads for 
10 min, then subjected to pre-rinsed LS column (Miltenyi Biotec, #130- 
042-401). After washing with MACS buffer for 3 times, B cells were 
eluted by flushing 5 ml of MACS buffer using the plunger, then resus-
pended in complete RPMI supplemented with 10% FCS and penicillin/ 
streptomycin. 

For lipopolysaccharide (LPS) stimulation, B cells were cultured in 
TC-treated 96 well U-bottom plates (Falcon®, #353077) in complete 
RPMI media further supplemented with 10 μg/ml LPS (Sigma-Aldrich, 
#L2880) for 84 h. 10 μM hydrogen peroxide (H2O2, Sigma-Aldrich, 
#H3410) and 10 μM GSK (GSK2795039, Sigma-Aldrich, #SML2770) 
were added in after 40 h incubation. For CD40L stimulation, B cells were 
cultured 84 h in CD40L expressing irradiated (50 Gy) fibroblasts (kind 
gift from Rita Carsetti, B Cell Pathophysiology Unit, Immunology 
Research Area, Bambino Gesù Children’s Hospital IRCCS, 00146 Rome, 
Italy) pre-coated TC-treated 96 well U-bottom plates, and further sup-
plemented with 50 ng/ml murine IL21 (Peprotech, #210-21), with or 
without 50 ng/ml murine IL4 (Peprotech, #214-14) with or without 5 
μg/ml goat anti-mouse IgM (Fab)2 (anti-μ) (Jackson Immuno Research, 
#115-006-075) as indicated. Cells were cultured at 37 ◦C in humidified 
air with 5% CO2. Culture supernatants were aspirated carefully and 
checked for total IgM antibodies. Cells were collected for flow cyto-
metric analysis. 

5.9. B cell transfer experiment 

B cells were MACS-sorted from spleens of male B6NQ.Cd451 mice, 
male B10Q.Cd452.Ncf458A/58A and male B10Q.Cd452.Ncf4R58/R58 mice 
then adjusted to the same concentration in PBS (Thermo fisher, 
#14190169). For chimeric B cell transfer experiment (performed in 
Fig. 5A–G), CD45.1+ B cells (from B6NQ.Cd451 mice) and CD45.2+ B 
cells (from B10Q.Ncf458A/58A or B10Q.Ncf4R58/R58 mice) were equally 
mixed and transferred to recipient B10Q.μMt.Ncf458A/58A mice intrave-
nously. For experiments performed in Fig. 5H, B cells were not mixed 
and transferred to recipient B10Q.μMt.Ncf458A/58A mice separately. A 
total of 10 million B cells were transferred to each recipient mouse. B cell 
viability and purity after sorting were checked by flow cytometry. Blood 
from recipient mice was taken for checking the transfer efficacy. 2 days 
after transfer, mice were induced CIA following the protocol described 
above (without boost). 

5.10. Statistical analysis 

Experiments pooled had balanced groups and no data has been 
excluded. Data were expressed as mean ± SEM and analyzed using 
GraphPad Prism (Version 8.0). Mann-Whitney test was employed to 
analyze significant differences between two groups. Kruskal-Wallis test 
and Dunn’s multiple comparisons test were used for comparing differ-
ences between three groups. Pearson correlation analysis was used to 
analyze correlation between antibody titers and disease severity. Mul-
tiple Student’s t tests with Holm-Sidak’s comparison correction were 
used to determine the significant differences in the disease severity and 
incidence of CIA on different DPIs. P-values smaller than the significance 
level (set to 0.05) are indicated by asterisks (*p<0.05, **p<0.01, 
***p<0.001, and ****p<0.0001). 
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