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lgG4-related disease (IgG4-RD) has complex clinical manifestations ranging
from fibrosis and inflammation to deregulated metabolism. The molecular
mechanisms underpinning these phenotypes are unclear. In this study, by
using IgG4-RD patient peripheral blood mononuclear cells (PBMCs), IgG4-RD
cell lines and Usp25 knockout mice, we show that ubiquitin-specific protease
25 (USP25) engages in multiple pathways to regulate fibrotic and inflammatory
pathways that are characteristic to IgG4-RD. Reduced USP25 expression in
IgG4-RD leads to increased SMAD3 activation, which contributes to fibrosis
and induces inflammation through the IL-1p inflammatory axis. Mechan-
istically, USP25 prevents ubiquitination of RACI, thus, downregulation of
USP25 leads to ubiquitination and degradation of RACI1. Decreased RACl1 levels
result in reduced aldolase A release from the actin cytoskeleton, which then
lowers glycolysis. The expression of LYN, a component of the B cell receptor
signalosome is also reduced in USP25-deficient B cells, which might result in B

cell activation deficiency. Altogether, our results indicate a potential anti-
inflammatory and anti-fibrotic role for USP25 and make USP25 a promising
diagnostic marker and potential therapeutic target in IgG4-RD.

IgG4-related disease (IgG4-RD) is a systemic fibroinflammatory pro-
cess characterized by a large number of IgG4 producing plasma cells
infiltrating target organs'. Numerous studies have shown that IgG4-RD
leads to multiple inflammatory diseases, including autoimmune pan-
creatitis, hypophysitis, Mikulicz's disease, interstitial pneumonitis, and
interstitial nephritis®. Fibrosis develops during periods of chronic
inflammation and recent studies have revealed that B cells act as a key
player in tissue fibrosis in IgG4-RD’. B cells produce the pro-fibrotic
molecule, which stimulates fibroblasts to produce collagen and
enzymes related to extracellular matrix remodeling’. However, the
underlying mechanism of how B cells promote inflammation and
fibrosis in 1IgG4-RD is unclear.

Immunodysregulation of specific B cell subsets is key to the
pathogenesis of 1gG4-RD*®. It was reported that the differentiation of
specific B cells in IgG4-RD patients is altered’'°. Additionally, IgG4-RD
patients have plasma exosomes containing numerous differentially
expressed proteins involved in complement activation and B cell
differentiation". However, the specific pathway that causes dysregu-
lated B cells remains unclear.

The glycolysis/gluconeogenesis pathways are significantly upre-
gulated in plasma B cells of IgG4-RD patients, suggesting abnormal
metabolism®.  Additionally, IgG4-RD causes  mitochondrial
dysfunction'>, However, any abnormal metabolism as well as the
potential mechanism in B cells of IgG4-RD is not fully understood.
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To date, no standard diagnostic criteria exist for IgG4-RD. Diag-
nosis is through a comprehensive analysis of clinical, serological,
radiological, and pathological data, which is tedious, time-consuming,
and prone to misdiagnoses™. To address this, our study focused on
discovering specific molecules for diagnosis that are involved in the
pathogenesis of inflammation, fibrosis, immunodysregulation, and
deregulated metabolism in B cells.

Using the bulk RNA-sequencing and single-cell RNA-sequencing,
we identified ubiquitin-specific protease 25 (USP25) as a relevant gene
that is down-regulated in IgG4-RD patients and involved in the patho-
genesis. USP25 is a deubiquitinase belonging to the USP subgroup of the
deubiquitinating enzyme (DUB) family that regulates the immune
response and inflammation™"¢, USP25 negatively regulates signaling
induced by interleukin 17 (IL-17), an inflammatory mediator”. Research
on the role of USP25 in fibrosis is still in its infancy. However, it is known
that USP15 amplifies the fibrotic response by TGF- signaling’®. Inter-
estingly, USP25 plays a crucial role in several metabolic diseases”.
USP25 is a novel modulator of hypoxia-inducible factor-la (HIF-1c)
transcriptional activity and metabolic reprogramming, which suggests
that USP25 is a chief regulator of glycolysis?. Considering this data and
exploring the mechanistic role of USP25 in pathogenesis, we designed a
study to determine the relationship between USP25 and IgG4-RD.

In this study, we demonstrate that the reduction of USP25 in IgG4-
RD promotes IL-1B-mediated inflammation and SMAD3-induced
fibrosis. In addition, the reduction of USP25 in IgG4-RD promotes
RAC1 ubiquitination, which prevents ALDOA-mediated glycolysis.
Together, our data suggest that USP25 is associated with fibrosis,
inflammation, and metabolism of IgG4-RD patients, which serves as a
potential diagnostic and therapeutic target.

Results

IgG4-RD patients have altered B cell homeostasis in the
peripheral blood

Subpopulations of B cells in the peripheral blood mononuclear cells
(PBMCs) of IgG4-RD patients were analyzed by flow cytometry to dis-
tinguish transitional B cells, plasma blast cells (PBC), memory B cells
and naive B cells. Compared to healthy controls (HCs), IgG4-RD
patients had increased percentages of PBC and memory B cells and
decreased percentages of naive B cells and transitional B cells
(Fig. 1A-C, S1A). Also in patients, there was a significant decrease in the
mean fluorescence intensity (MFI) (Fig. 1D, S1B) and mRNA levels
(Fig. 1E) of CD19 in all B-cell subsets except PBC. To verify the effect of
CD19+ signal intensity on memory and naive B cells, we analyzed the
MFI of IgD and CD27 in CD19+ cells. There were no significant differ-
ences in the MFI of IgD and CD27 in CD19+ cells in IgG4-RD patients
compared to HCs (Fig. SIC, D). It is well known that the B cell activating
factor receptor (BAFF-R) has an important function in B cell activation
and survival®?. The MFI of BAFF-R was found to be significantly
reduced in PBMCs of patients compared to HCs (Fig.IF, SIE). Next, we
found that there was no significant difference in the proportion of KI-
67 (Fig. 1H, S1G) and apoptosis (Fig. 1G, SIF, SIH-I) of B cells. Further-
more, we examined the proliferation of PBMCs stimulated with CpG
and biotin-F(ab’), anti-human Ig (M + G). The results showed that the
proliferation of B cells in patients was reduced compared to HCs
(Fig. S1)). Finally, to exclude that these effects seen in IgG4-RD B cells
were due to B cell receptor (BCR) density, we detected the intensity of
CD79a and found no difference among HCs and patients (Fig. S1K, L).
Collectively, these results suggest that the homeostasis of IgG4-RD B-
cell subsets is disrupted, and the abnormal composition of B cells may
have a key role in the pathogenesis of IgG4-RD patients.

The early activation of B cells is reduced in IgG4-RD patients,
while F-actin assembly is increased

To examine the effect of IgG4-RD on early B cell activation in naive
(CD27-) and memory B cells (CD27 +), we used total internal reflection

fluorescence microscopy (TIRFm) to examine BCR aggregation and B
cell spreading following activation by membrane-tethered antigens
(mAg) (Fig. S2A). Results showed that IgG4-RD naive B cells had
reduced contact area at 5min compared to IgG4-RD memory B cells
and a reduced BCR MFI at 5 min compared to HC naive B cells (Fig.
S2D-E). These results suggest that IgG4-RD impairs BCR aggregation
and B cell spreading, both of which are critical for promoting BCR
signaling. We next examined total BCR signaling via phosphotyrosine
proteins (pY) and activation of Bruton’s tyrosine kinase (pBTK), CD19
(pCD19) and SHIP (pSHIP). In IgG4-RD memory and naive B cells, the
MFI of pCD19 (Fig. S2B&F), pY (Fig. 11, K) and pBTK (Fig. 1)) was sig-
nificantly decreased at 3 min compared to HC memory and naive B
cells. At 5 min, IgG4-RD naive B cells had decreased MFI of pCD19 (Fig.
S2F) and pY (Fig. 1K) and increased MFI of pSHIP (Fig. S2C&G) com-
pared to HC naive B cells. In HCs, but not IgG4-RD, the MFI of pY (Fig.
1K) was significantly reduced in naive B cells at 3 min compared to
memory B cells. In HCs and IgG4-RD, the MFI of pBTK (Fig. 1)) was
significantly reduced at 3 min compared to their memory B cells. In
addition, compared to HCs, the protein levels of pBTK were reduced,
and the levels of pSHIP were increased in IgG4-RD PMBCs (Fig. 1L).
Altogether, these results indicate that IgG4-RD inhibits the induction
of strong positive BCR signaling in response to mAg stimulation.

Recent studies have demonstrated that the actin cytoskeleton
participates in B cell spreading®. To test the effect of IgG4-RD on actin
polymerization during mAg stimulation, we measured F-actin levels
using phalloidin staining and also examined the recruitment of the
actin nucleation factor, WASP, using anti-WASP antibody. We found
that naive and memory B cells of IgG4-RD have enhanced MFI of F-actin
(Fig. 1M, N) at 3 min and 5 min, and enhanced MFI of pWASP (Fig. 10) at
3 min compared to HC naive and memory B cells. However, the MFI of
F-actin in naive B cells of HCs and IgG4-RD patients at 5 min decreased
compared to that of memory B cells (Fig. IN). In addition, compared to
HCs, the protein level of pWASP was elevated in PMBCs of IgG4-RD
patients (Fig. 1P). Since the capacity of B cells to recognize and react to
antigens is closely related to their morphology, we observed that the B
cells of patients had decreased numbers (Fig. 1Q, R) and length (Fig. 1S)
of filopodia compared to HCs. These results suggest that enhanced
F-actin recruitment to the plasma membrane attenuates BCR cluster-
ing and signaling in IgG4-RD B cells.

IgG4-RD patients have B cell activation deficiency correspond-
ing to reduced USP25 expression

To investigate the transcriptomic changes in IgG4-RD patients, we
performed transcriptome profiling of B cells isolated from HCs or
IgG4-RD patients. KEGG enrichment networks indicated that the IL-17
signaling pathway may be critical in IgG4-RD pathogenesis (Fig. 2A,
S2H-I). Furthermore, 611 (388 up-regulated, 223 down-regulated) sig-
nificant DETs were identified between IgG4-RD and HC samples (Fig.
S2J, Supplementary Data 1). Furthermore, it is noteworthy that a
transcript of USP25 exhibited significant down-regulation, and USP25
emerged as a pivotal regulator within the IL-17 signaling pathway (Fig.
S2K). It has been reported that the expression of IL-17 in the serum and
tissues of IgG4-RD patients is increased and that USP25 negatively
regulates the signaling and inflammation induced by IL-177**%, These
results imply that USP25 may be involved in the pathogenesis of IgG4-
RD. To reinforce the bulk transcriptomics data, we performed the
single-cell RNA-sequencing of PBMCs from HCs and IgG4-RD patients.
A total of 46,528 cells were retained for subsequent analysis after fil-
tering out doublets and poor-quality cells, including those that were
dead or dying. Employing unsupervised clustering followed by a two-
dimensional uniform manifold approximation and projection (UMAP)
and utilizing known marker genes, we identified 6 major cell popula-
tions (Fig. S3A-D). For further in-depth analysis, we performed sub-
clustering within the B cell population and 11 B cell subsets were
identified®® (Fig. 2B-D, S3E, F, S4A-G). To facilitate further analysis,
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some B cell subsets with less than 20 cells would be combined with
other B cell subsets. So, we combined transitional type 1 B cells (BT1),
transitional type 2 B cells (BT2), and transitional type 3 B cells (BT3)
into transitional B cells (BT) since BT1 and BT2 were few in IgG4-RD
samples and BT3 were few in HCs samples. We also merged pre-
switched memory B cells (BM-PS) into unswitched memory B cells (BM-

US) due to the low counts in IgG4-RD. After merging, we drew heat
maps comparing naive B cell subsets between IgG4-RD and HCs, as well
as memory B cell subsets and we found that naive B cells showed more
expression changes of DEGs than other B cell subsets (Fig. S4A-G). In
IgG4-RD, USP25 expression was significantly decreased in resting naive
B cells (BN-R). Activated naive B (BN-A) cells were nearly all in IgG4-RD,
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Fig. 1| IgG4-RD patients have altered B cell homeostasis in the

peripheral blood. A-D Flow cytometry analysis of subpopulations of B cells from
PBMCs of HCs and patients. The percentages of B cell subsets (C) (HCs=24,
patients=25) and MFI of CD19 (D) (n =21) were analyzed in PBMCs from HCs and
patients. E Relative mRNA level of CDI9 was measured in total B cells, memory B
cells and naive B cells from HCs and patients after sorting by RT-PCR (n=3).

F-H Analysis of the MFI of BAFF-R (F) (n=6), the percentages of annexin V (G)
(n=8) and KI-67 (H) (n =5) of the subpopulations of PBMCs from patients and HCs
by Flow cytometry. I-K Memory B (CD27*) cells and naive (CD27") B cells of HCs
and patients were incubated with tethered to lipid bilayers for 3 and 5 min at 37 °C.
Then cells were fixed, permeabilized and stained for AF647 anti-CD27, pBTK, and
pY. The B cells were analyzed for the MFI of pY (K) and pBTK (J) by TIRFm (scale bar
= 2.5 pm). L Western blot showing the levels of pBTK, pSHIP, BTK, and SHIP in B

cells of patients and HCs. Representative results are shown. M-0 B cells of patients
and HCs were treated in the same way as in (I) except stained for pWASP and
F-actin. The MFI of F-actin (N) and pWASP (0) were analyzed by TIRFm (scale bar =
2.5 pm). P Immunoblot showing the levels of pWASP and WASP in PBMCs of
patients and HCs. Representative results are shown. Q-S Filopodia dilatation
visualized using SEM (Q). Cells were analyzed for the number (R) (HCs=13,
patients = 9) and length (S) (HCs = 33, patients = 34) of filopodia (scale bar = 5 pm).
All images were representative images from 3 independent experiments. Data
points in (C-H, J, K, N, O, R, and S) are represented as Mean + SED. Statistical
significance was based on two-tailed unpaired Student’s t-test. Relevant p values are
given in the graph. *P < 0.05; **P < 0.01; **P < 0.001. Source data are provided as a
Source Data file.

and the USP25 expression level in them was lower than in resting naive
B cells of HCs. In nearly all memory B cells, including BM-PS, resting
switched (BM-SR), activated switched memory B cells (BM-SA), and
age-associated B cells (ABC), USP25 expression levels in IgG4-RD were
observed to be lower than HCs, albeit without statistical significance.
In BT1, BT2, and BM-US, USP25 expression levels in IgG4-RD were
higher than HCs without statistical significance, but these B cell sub-
sets in IgG4-RD were diminished (Fig. 2E, S3F). Additionally, we found a
significant reduction in USP25 mRNA expression in total naive B cells of
IgG4-RD patients (Fig. S4H-L). Furthermore, we validated these results
by conducting RT-PCR, which confirmed that USP25 mRNA expression
was significantly reduced in both total memory and naive B cells after
sorting (Fig. 2F). These findings indicate a predominance of B cells in
both the naive and memory gates of IgG4-RD, with these disease-
associated subsets exhibiting reduced expression of USP25.

To explore the role of USP25 deficiency in IgG4-RD patients, we
used confocal microscopy to examine the spatial relationship between
USP25 and BCR. We found that after stimulation of B cells with sAg, the
colocalization between BCR and USP25 in B cells of IgG4-RD patients
was significantly decreased at 5min (Fig. 2G, H). Additionally, the
protein levels of USP25 were significantly decreased in B cells of IgG4-
RD patients compared to HCs (Fig. 21, J). Previous studies have shown
that BCR signaling transduction can be initiated through the recruit-
ment of the signaling complex composed of LYN, SYK, and BLNK. In
contrast, the degradation of LYN by ubiquitination negatively reg-
ulates BCR signaling”?°. Compared to HCs, the levels of USP25, LYN,
pSYK, and pBLNK were decreased in PMBCs of IgG4-RD patients (Fig.
2J). Furthermore, both mRNA (Fig. S2L) and protein (Fig. 2J) levels of
BLNK were decreased in 1gG4-RD B cells. It has been reported that
agammaglobulinemia patients have BLNK mutations that contribute to
defects in mature B cell development®~2, Sequencing of genomic DNA
showed a heterozygous synonymous mutation in the BLNK gene
(c.171 T >C) of IgG4-RD patients (Fig. S2M). We speculate that BLNK
synonymous mutations in IgG4-RD patients result in reduced pro-
duction of BLNK mRNA transcripts, which may be due to synonymous
mutation-mediated alterations in the secondary structure of BLNK
mRNA. To further research the effects of reduced USP25 in IgG4-RD,
Usp25 KO mice were used to establish a mouse model, which was
confirmed to lack expression of USP25 in B cells (Fig.2K). In Usp25 KO B
cells, the MFI of pBTK (Fig. S5A, B) and pY (Fig. S5C) was reduced, while
the MFI of pSHIP was significantly increased (Fig. SSE, F). Also, the
colocalization between pBTK and BCR was significantly decreased in
Usp25KO B cells (Fig. S5D), while the colocalization between pSHIP and
BCR was significantly increased (Fig. S5G). Furthermore, the protein
expressions of LYN, pSYK, pBLNK, pY and pBTK were significantly
decreased in Usp25 KO B cells, while the level of pSHIP and pWASP was
significantly increased (Fig. 2L, S5H). These results demonstrate that
USP25 deletion decreases BCR signaling, which is consistent with that
of IgG4-RD patients. Investigating how USP25 regulates upstream BCR
signaling events, Co-immunoprecipitation (CO-IP) showed that USP25
associates with LYN in WT splenic B cells of WT mice (Fig. 2M). We next

examined the ubiquitination levels of LYN in Usp25 KO B cells and
found they had increased ubiquitination of LYN compared to WT (Fig.
2N), indicating that the interaction between LYN and USP25 reduces
ubiquitination of LYN, which might prevent LYN degradation. To
confirm that there is an increase of LYN ubiquitination in IgG4-RD that
reduces BCR signaling, IgG4-RD PBMCs were treated with the protea-
some inhibitor MG132. MG132 restored the degradation of USP25, LYN,
pAKT, pFOXOL, and pSé6 to the level of HCs B cells in IgG4-RD (Fig. 20,
S3I). Similarly, MG132 treatment in Usp25 KO B cells restored the levels
of LYN, pCD19, pSHIP (Fig. S5J), pWASP (Fig. S5K, L) and F-actin (Fig.
S5M) to that of WT B cells. These results suggest that USP25 inhibits
LYN ubiquitination, thereby protecting LYN from degradation enhan-
cing BCR signaling, and reducing actin accumulation.

To study the effect of USP25 deficiency on humoral immune
responses, mice were infected with lymphocytic choriomeningitis
virus (LCMV) and immunized with NP-KLH, respectively. We found that
immunization of Usp25 KO mice resulted in a significant decrease in
the percentage and number of PC cells, but also resulted in a sig-
nificant increase in the percentage and number of plasma blast cells
(PBC) (Fig. S6A-D). However, there was no significant difference in the
percentage and number of PC and PBC after LCMV infection (Fig.
S61-K). Additionally, the frequency of germinal center B (GCB) cells
was decreased in Usp25 KO mice after immunization (Fig. S6E, F) and
infection (Fig. S6L, M), while the number of GCB cells was not sig-
nificantly different (Fig. S6G&N). Notably, Usp25 KO mice have
reduced antibody affinity maturation (Fig. S6H). Furthermore, com-
pared to WT mice, Usp25 KO mice showed a decrease in the frequency
(Fig. S60, P) and number (Fig. S6Q) of dark zone (DZ) B cells and an
increase in the frequency of light zone (LZ) B cells following LCMV
infection. Taken together, it was shown that USP25 is essential for
triggering the humoral immune response in immunized and infected
Usp25 KO mice.

USP25 deficiency causes an increase of IgG1+ antibody-secreting
cells and IgGl secretion and mediates the upregulation of
SMAD?3 to induce fibrosis

We evaluated whether the phenotype of IgG1 (a homologue of human
12G4%) in Usp25 KO mice resembles that of IgG4-RD, we found that
following stimulation of Usp25 KO B cells with anti-CD40/IL-4, the
percentage of IgGl+ (Fig. 3A, B) and IgE+ B cells was increased, while
the percentage of IgG3 +, IgG2b +, and IgA+ B cells showed no sig-
nificant differences (Fig. S7A-C). Additionally, in stimulated Usp25 KO
B cells, we observed anincrease in the percentage of IgG1+ PC and PBC,
which correlated with an increase in secreted IgGl in culture super-
natants (Fig. 3A-D, S7D, E). We found that the expression of GLTyl, a
transcript related to IgGl class switch recombination®, was sig-
nificantly enhanced in Usp25 KO B cells stimulated by LPS (Fig. 3E).
Interestingly, we also observed that the percentage of IgG1+ PBC was
increased in Usp25 KO mice after LCMV infection (Fig. 3F, G), while the
percentage of IgGl+ PC was not significantly different (Fig. 3H). Sur-
prisingly, we found that the secretion of IgGl was increased in the
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serum of both uninfected and infected Usp25 KO mice compared to
WT mice (Fig. 31). Moreover, the titer of NP-specific IgG1 was increased
in Usp25 KO mice compared to WT mice after immunization (Fig. 3J).
To confirm the effect of reduced BCR signaling in Usp25 KO on IgG1
expression, we conditionally deleted Btk in B cells by crossing Btk™""
mice with MbI® mice (MbI“*/Btk™"). Following anti-CD40/IL-

4 stimulation, we found significantly higher percentages of IgGl+ B
cells in MbI®Btk"” than in MbI1“*" Btk mice (Fig. 3K, L). We also
observed that the percentage of IgGl+ PC and PBC was increased in
MBI/ Btk stimulated B cells, which correlated with increased
IgGl1 secretion in culture supernatants (Fig. 3K, M, N, S7D&F). Not
surprisingly, we found that LPS-stimulated B cells from MbI“®" Btk"f
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Fig. 2 | IgG4-RD patients have immunocompromise corresponding to reduced
USP25 expression. A Enriched KEGG pathway interaction networks in B cells from
HCs and patients (n=35). B, C Integration analysis results of IgG4-RD and HCs,
showing the B cell clusters (B) and status (C) (n=3). D Dot plot showing the
expression of selected canonical cell markers in the 11 B cell subsets in patients and
HCs. E The expression level of USP25 on B cell subsets in IgG4-RD and HCs showed
by UMAP separately (n = 3). F Relative mRNA level of USP25 was measured in total B
cells (n=5), memory B cells (n =3) and naive B cells (n=3) from HCs and patients
after sorting. G, H Purified B cells of patients and HCs were stimulated, fixed,
permeabilized, and stained for USP25 (scale bar = 2.5 pum). The correlation coeffi-
cient between BCR and USP25 was quantified using more than 47-101 individual
cells (H). I Western blots of USP25 in purified B cells from HCs and patients.

J Western blots of USP25, LYN, pSYK, SYK, pBLNK and BLNK in PBMCs. K Western
blots of USP25 levels in purified B cells from WT and Usp25 KO mice. L Western blots

of LYN, pSYK, SYK, pBLNK, BLNK, pSHIP, SHIP, pWASP, and WASP in B cells of WT
and Usp25 KO. M Immunoassay of lysates of WT cells treated with 10 ug/ml sAg for
5 min, followed by immunoprecipitation with LYN and immunoblot analysis of
USP25. N Immunoassay of lysates of WT and Usp25 KO B cells treated in the same
way as in (M), followed by immunoprecipitation with LYN and immunoblot analysis
with Ubiquitin. O Immunoblot showing the levels of USP25, LYN, pAKT, pFOXO01
and pSé6. PBMCs were treated with 25 pM of MG132 at 37 °C for 30 min before
incubating in the same way as in (Fig. 1)) for 5 min. All images were representative
images from 3 independent experiments. Data points in (E, F, and H) are repre-
sented as Mean + SED. Statistical significance was based on two-tailed unpaired
Student’s t-test and wilcoxon rank sum test. Relevant p values are given in the
graph. *P<0.05; **P < 0.01; **P < 0.001. Source data are provided as a Source
Data file.

mice had enhanced expression of GLTyl (Fig. 30), but there was no
significant difference in the levels of IgGl in their serum, which is
consistent with that of Usp25 KO mice (Fig. 3P). Altogether, this sug-
gests that reduced BCR signaling in Usp25 KO mice affects IgGl
expression.

Next, we wanted to determine whether the downregulation of
USP25 of 1gG4-RD is involved in fibrosis. Using Masson staining, we
found that Usp25 KO mice had obvious fibrosis in the pancreas, kidney,
and liver (Fig. 4A-D), but not in the lung (Fig. S7G, H). Interleukin-13 (IL-
13), which is responsible for fibroblast activation®, is upregulated in
tissues of IgG4-RD patients. Similarly, we found a significant increase of
IL-13 levels in the serum of Usp25 KO mice (Fig. 4E). TGF-1 has been
reported to induce fibrosis through activation of SMAD3 signaling and
it is known that USP inhibitors decrease TGF-f3 signaling in fibroblast
cell lines™. Considering this, we tested whether USP25 reduction in
IgG4-RD has a role in the pathogenesis of fibrosis by decreasing
ubiquitin-mediated degradation of SMAD3. We examined the effect of
MGI32 on soluble antigen-stimulated IgG4-RD B cells using confocal
microscopy. Untreated IgG4-RD B cells had increased MFI of pSMAD3,
but after 5 min of MG132 treatment, the pSMAD3 MFI matched that of
HCs B cells (Fig. 4F, G, S7I-K). Moreover, we found increased levels of
pSMAD3, fibronectin (FN) and COL1A1 in IgG4-RD patients (Fig. 4H)
and Usp25 KO B cells (Fig. S7L). This indicates that down-regulation of
USP25 induces SMAD3 up-regulation in B cells, leading to fibrosis in
IgG4-RD patients.

Inflammation in IgG4-RD patients is mediated via the IL-1p
inflammasome axis

IgG4-RD has been reported as a systemic chronic inflammatory disease
in which increased levels of most soluble receptors of the IL-1 family
mediate inflammation®. We investigated the specific molecules
involved in B cell induced inflammation in IgG4-RD patients. There was
a significant elevation in the levels of NLRP3, caspase-1, IL-13, pNF-kB
and pIKKB in PBMCs of IgG4-RD patients (Fig. 41, J) and Usp25 KO (Fig.
S8A), while the expression of TRAF6 was decreased. In examining the
inflammatory phenotype of B cells from Usp25 KO mice, we found
elevated levels of IL-1f in their serum (Fig. 4K). In addition, after being
injected intraperitoneally with LPS, Usp25 KO mice had significant
lymphocyte infiltration in the lungs (Fig. 4L), but there was no sig-
nificant difference in the colon, liver, or kidney (Fig. S8B). Usp25 KO
mice also had significantly elevated levels of caspase-1, NLPR3, and IL-
1B following LPS injection (Fig. 4M). Stimulation with LPS, CpG or
soluble antigen (sAg) revealed a reduction in the proliferation of Usp25
KO B cells stimulated with CpG or sAg compared to WT B cells (Fig.
S8C), and the apoptosis of B cells had no significant difference from
WT mice (Fig. S8D, E). Additionally, the percentage of KI-67 +B cell
subsets was significantly lower in Usp25 KO mice (Fig. S8F-H), while
the percentage of annexin-V + B cell subsets had n