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ABSTRACT
Objectives  B-cell depletion time after rituximab (RTX) 
treatment is prolonged in antineutrophil cytoplasmic 
antibody (ANCA)-associated vasculitis (AAV) compared 
with other autoimmune diseases. We investigated central 
and peripheral B-cell development to identify the causes 
for the defect in B-cell reconstitution after RTX therapy.
Methods  We recruited 91 patients with AAV and 
performed deep phenotyping of the peripheral and bone 
marrow B-cell compartment by spectral flow and mass 
cytometry. B-cell development was studied by in vitro 
modelling and the role of BAFF receptor by quantitative 
PCR, western blot analysis and in vitro assays.
Results  Treatment-naïve patients with AAV showed 
low transitional B-cell numbers, suggesting impaired B-
lymphopoiesis. We analysed bone marrow of treatment-
naïve and RTX-treated patients with AAV and found 
reduced B-lymphoid precursors. In vitro modelling of 
B-lymphopoiesis from AAV haematopoietic stem cells 
showed intact, but slower and reduced immature B-cell 
development. In a subgroup of patients, after RTX 
treatment, the presence of transitional B cells did not 
translate in replenishment of naïve B cells, suggesting 
an impairment in peripheral B-cell maturation. We found 
low BAFF-receptor expression on B cells of RTX-treated 
patients with AAV, resulting in reduced survival in 
response to BAFF in vitro.
Conclusions  Prolonged depletion of B cells in patients 
with AAV after RTX therapy indicates a B-cell defect 
that is unmasked by RTX treatment. Our data indicate 
that impaired bone marrow B-lymphopoiesis results in a 
delayed recovery of peripheral B cells that may be further 
aggravated by a survival defect of B cells. Our findings 
contribute to the understanding of AAV pathogenesis 
and may have clinical implications regarding RTX 
retreatment schedules and immunomonitoring after RTX 
therapy.

INTRODUCTION
Antineutrophil cytoplasmic antibody (ANCA)-
associated vasculitis (AAV) comprises granulo-
matosis with polyangiitis (GPA), microscopic 
polyangiitis (MPA) and eosinophilic GPA (EGPA). 
The efficacy of B-cell depleting therapy with 

rituximab (RTX) for both remission induction and 
maintenance implicates B cells in AAV pathogen-
esis.1–3 After RTX treatment, relapses are associated 
either with B-cell reconstitution or with increase 
in ANCA titres.3–5 After RTX administration in 
other conditions, B-cell repopulation initiates at 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ B-cell depletion with rituximab is an established 
and effective treatment in antineutrophil 
cytoplasmic antibody-associated vasculitis 
(AAV).

	⇒ Differently from other autoimmune diseases, 
B-cell depletion results in a defect or delay in 
B-cell reconstitution in a proportion of patients 
with AAV.

	⇒ The underlying cause for this observation is 
unknown.

	⇒ As a consequence, the risk of 
hypogammaglobulinemia is increased in 
patients with AAV after B-cell depletion.

WHAT THIS STUDY ADDS
	⇒ We discovered defective bone marrow B-
lymphopoiesis with reduced B-cell output 
in AAV, present already before rituximab 
treatment.

	⇒ Reduced commitment into the B-cell lineage 
is not due to an intrinsic haematopoietic stem 
cell defect, but likely to a non-permissive bone 
marrow niche in AAV.

	⇒ Low BAFF-receptor expression on B cells exiting 
the bone marrow may contribute to reduced 
peripheral B-cell survival and maturation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ Our observations may impact rituximab 
retreatment schedules and prompt close 
immune-monitoring with assessment of B-cell 
numbers and immunoglobulin concentrations 
after B-cell depleting therapy in patients with 
AAV.
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6 months.6 Hence, EULAR recommendation7 and the MAIN-
RITSAN trial,2 advise 6-monthly RTX infusions as mainte-
nance therapy for GPA and MPA. In a relevant proportion of 
patients with AAV though, B-cell reconstitution after a single 
RTX administration is delayed and severe B lymphopenia and 
hypogammaglobulinemia are observed for up to 5 years.6 8–12 
Hypogammaglobulinemia represents a risk factor for clini-
cally relevant infections in patients with primary immunodefi-
ciencies.13 In patients with secondary immunodeficiency after 
B-cell depletion this is less clear, likely due to differences in 
study design, observation time, hypogammaglobulinemia defi-
nition and concomitant immunosuppressive therapies.14–16 The 
pathophysiological basis of prolonged B-cell depletion in AAV is 
currently unclear.

B-lymphocytes are generated in the bone marrow (BM) from 
haematopoietic stem cells (HSCs), through a tightly regulated 
process that results in immature B cells17 exiting the BM as 
transitional B cells to further mature in periphery. Transitional 
B cells are dependent on BAFF-receptor (BAFF-R) signalling to 
mature into naïve B cells.18 Hence, the peripheral B-cell pool is 
regulated by output from the BM as well as survival and matura-
tion in the periphery. In AAV, a reduction of transitional B cells 
has been reported, suggesting reduced BM output.8 We hypoth-
esised that B-cell depleting therapy unmasks a defect in B-cell 
development, as both lower BM output and reduced survival of 
peripheral B cells could contribute to delayed B-cell repopula-
tion. Hence, we analysed the peripheral B-cell compartment and 
BM B-cell development ex vivo and in vitro in patients with AAV 
before and after RTX treatment.

RESULTS
Description of the AAV cohort
We included 91 patients with AAV (median age 60.78 years, 
IQR 51.14–71.15, 39.56% female) and 58 healthy donors 
(HDs, median age 59.9 years, IQR 49.75–67.2, 37.93% female). 
Sixty-two (68%) patients were diagnosed with GPA, 19 (21%) 
with EGPA and 10 (11%) with MPA. ANCA was detectable in 
88% of patients, with specificity against proteinase-3 being more 
frequent (64%) than against myeloperoxidase (22%). 86 patients 
had generalised disease with pulmonary manifestations (77%), 
ear-nose-throat (75%), renal (54%) and peripheral neurological 
manifestations (45%). Patients’ characteristics are detailed in 
table 1.

Treatment characteristics
Of the 91 patients with AAV included into the study, 77 had 
been treated with RTX as induction therapy and 14 were newly 
diagnosed. Of those 14, 4 had received no immunosuppressive 
treatment at all, and 10/14 short-term glucocorticoid (GC) treat-
ment (median sum dose: 35 mg/day; IQR 0.63–93.75 mg/day; 
median treatment duration 3 days; IQR 0–5 days). The median 
RTX sum dosage was 2.67 g (IQR 2–4) and median cyclophos-
phamide (CYC) sum dose at the time of analysis was 6 g (IQR 
0–13). The median time between last RTX administration and 
analysis of the B-cell compartment was 17 months (IQR 11–28.5 
months). RTX treatment was followed by conventional mainte-
nance therapy in most patients. At the time of B-cell compart-
ment analysis, 62 patients received maintenance therapy with 
a conventional, synthetic immunosuppressant, mostly azathi-
oprine (AZA) (n=19) or methotrexate (MTX) (n=20). The 
median prednisone equivalent dose at time of sampling was 5 
mg/day.

As for patients included into BM analyses, one patient was 
treatment-naïve for GCs and immunosuppressants, two patients 
were treatment-naïve for immunosuppressants and had short-
term GCs (median duration of 1 day; 0.5–3 days IQR). Three 
patients had received CYC (median sum dose of 1 g; 1–2.25 g 
IQR) and one patient was treated with leflunomide (LEF). One 
patient had received RTX induction 44 months before analysis 
and LEF maintenance therapy for 40 months at time of analysis. 
Indication for BM puncture was workup for hypereosinophilia 
(n=3), fever, weight loss and unclear inflammatory state (n=3) 
and abnormalities in the blood count (n=1). For further treat-
ment details see table 2.

Disturbed peripheral B-cell maturation and prolonged B-cell 
depletion in patients with AAV
The peripheral B-cell compartment was analysed in 88/91 
patients, as for 3/91 patients, material was not available. In 
14/88 patients, B cells were undetectable or sparsely detected 
even after B-cell enrichment using negative magnetic separa-
tion. These patients were excluded from further analysis. In 

Table 1  Patient characteristics

Patient characteristics AAV (n=91) HD (n=58)

Sex, female/male, n (%) 36 (39.56)/55 (60.44) 22 (37.93)/36 (62.07)

Age at analysis, median years 
(IQR)

60.78 (51.14–71.15) 59.9 (49.75–67.2)

ANCA specificity, n (%)*

 � PR3 58 (63.74)

 � MPO 20 (21.98)

 � PR3 and MPO 2 (2.2)

 � No ANCA 13 (14.29)

Elevated CRP, n (%)† 37 (41.57)

 � Elevated CRP (mg/L), median 
(IQR)

14.2 (6.93–23.8)

CRP <5 mg/L, n (%)† 52 (58.43)

Diagnosis

 � GPA, n (%) 62 (68.13)

 � MPA, n (%) 10 (10.99)

 � EGPA, n (%) 19 (20.88)

Disease form, n

 � Localised 5

 � Generalised 86

Clinical manifestations, n (%)

 � Renal 49 (53.85)

 � Pulmonary 70 (76.92)

 � ENT 68 (74.73)

 � Skin 20 (21.98)

 � CNS 16 (17.58)

 � PNS 41 (45.05)

 � Cardiac 11 (12.09)

Creatinine (mg/dL), median (IQR) 
at time of analysis

0.99 (0.85–1.27)

eGFR (mL/min/1.73 m2), median 
(IQR) at time of analysis

73 (49.25–87.75)

Duration of disease, median 
months (IQR)

70 (26.5–123)

*At diagnosis.
†CRP values were not available at the time of analysis for two patients.
ANCA, antineutrophil cytoplasmic antibody; CNS, central nervous system; 
CRP, C reactive protein; EGPA, eosinophilic GPA; ENT, ear, nose, throat; GPA, 
granulomatosis with polyangiitis; MPA, microscopic polyangiitis; MPO, 
myeloperoxidase; PNS, peripheral nervous system; PR3, proteinase 3.
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these 14 patients, time from RTX treatment to sampling was 
11 months (IQR 8.25–16.5 months). Of the remaining 74 
patients, 12 were treatment-naïve and 62 had previously been 
treated with RTX. In treatment-naïve patients with AAV, B-cell 
numbers were similar to HDs. The majority of RTX-treated 
patients with AAV had significantly lower B-cell numbers and 
frequencies compared with HDs (figure 1A). To account for the 
effect of maintenance immunosuppressive therapies, we grouped 
together patients treated with RTX monotherapy (RTX-only), 
AZA or mycophenolate mofetil (MMF), and with LEF or 
MTX (figure 1A). Patients were analysed after a median of 17 
months (IQR 11–28.5 months) after RTX treatment (table 2). 
The median time of B-cell depletion (B cells <5 cells/µL) in 
RTX-treated patients was 17 months (IQR 9–36). We used the 
interval between RTX applications as time of depletion for 14 
patients in which RTX was re-administered, despite persistent 
B-cell depletion. In six patients, B cells were still depleted at 
the last available time-point of follow-up. In these patients, time 
between RTX administration and last time-point of follow-up 

Table 2  Treatment characteristics

Treatment characteristics

Cyclophosphamide sum dose (g) at time of analysis, median 
(IQR)

6 (0–13)

Prednisone equivalent (mg/day) at time of analysis, median 
(IQR)

5 (0–5)

DMARD at time of analysis, n; dose, median (IQR)

 � Azathioprine (mg/day) 19; 100 (100–150)

 � Methotrexate (mg/week) 20; 15 (14.38–15)

 � Leflunomide (mg/day) 11; 20 (20–20)

 � Mycophenolate mofetil (mg/day) 5; 720 (720–1000)

 � Other 1

 � No DMARD 14

RTX prior to analysis, n (%) 77 (84.66)

 � Median time from last RTX infusion to analysis; median 
months (IQR)

17 (11–28.5)

Cumulative RTX dose (g), median (IQR) 2.67 (2–4)

DMARD, disease-modifying antirheumatic drug; RTX, rituximab.

Figure 1  Disturbed peripheral B-cell maturation and prolonged B-cell depletion in patients with antineutrophil cytoplasmic antibody-associated 
vasculitis (AAV). Peripheral B-cell populations of patients with AAV and healthy donors (HD) were analysed by spectral flow cytometry. (A) Absolute 
count of B cells/µL blood and frequency (%) of B cells in lymphocytes in HD and AAV treatment groups. (B) Correlation of the frequency (%) of B cells 
with the duration (months) of B-cell depletion after RTX treatment. (C–H) Absolute count/µL and frequency within total B cells of transitional B cells 
(IgM++CD38++) (C), naïve B cells (IgD+CD27−) (D), marginal zone-like B cells (MZ, IgD+CD27+) (E), switched memory B cells (IgD−CD27+) (F), double 
negative B cells (DN, IgD−CD27−) (G) and plasmablasts (CD38++CD27++) (H) in HD and treatment-naïve patients. Data were analysed using Kruskal-
Wallis test, corrected for multiple comparisons by Dunn’s multiple comparison tests (A) or Mann-Whitney U test (C–H) and depicted as *p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001. Correlation analysis was performed by non-parametric Spearman’s correlation.
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was used as time of depletion. In 15 patients, the duration of 
depletion was between 12 and 24 months, while in another 16 
patients, it exceeded 24 months (figure 1B). Time of depletion 
correlated with the cumulative dose of RTX (p=0.0146; online 
supplemental figure S1A) and with a decrease in serum IgG, IgA 
and IgM concentrations (p<0.05 each, online supplemental 
figure S1B). After remission induction with RTX, maintenance 
therapy influenced B-cell depletion time that was significantly 
longer with AZA or MMF compared with RTX as monotherapy 
(p=0.0130) or LEF or MTX (p=0.0021) (online supplemental 
figure S1C). Within the RTX-treated patients, there was no 
difference between B-cell numbers between GPA, MPA and 
EGPA (online supplemental figure S1D). Previous CYC treat-
ment did not influence B-cell numbers nor the duration of B-cell 
depletion (online supplemental figure S1E). In contrast to a 
previous report,12 delayed B-cell reconstitution did not correlate 
with impaired renal function (table 1, online supplemental figure 
S1F, G). Differences in the composition of our cohort, including, 
among other factors, less severely impaired renal function, may 
be the cause.12 In treatment-naïve patients, we analysed the 
distribution of B-cell subpopulations by spectral flow cytometry 
(figure  1C–H, online supplemental figure S2A, online supple-
mental table S1). Transitional B cells were significantly decreased 
in both counts and frequencies compared with HDs (figure 1C). 
Transitional B cells mature into naïve B cells that were normal 
in absolute counts and relative frequencies (figure  1D). Naïve 
B cells can develop into either marginal zone (MZ) B cells or 
into the extrafollicular and germinal centre pathway.19 MZ-like 
B cells were reduced in absolute counts in patients with AAV 
(figure 1E). Germinal centre activation gives rise to conventional 
class-switched memory cells, which were normal in frequency 
and absolute counts (figure  1F). The extrafollicular response 
includes IgD and CD27 negative B cells, called double negative 
(DN).20 DN B cells were increased in absolute counts in the 
patients (figure 1G). Plasmablasts can be the product of germinal 
centre and extrafollicular pathways and were reduced in abso-
lute counts in patients (figure  1H). The distribution of B-cell 
subpopulations was similar in MPA/GPA and in EGPA patients 
(online supplemental figure S2B). Distribution of immunoglob-
ulin subclasses in class-switched memory B cells was similar to 
controls, except for an increase in IgG4 (online supplemental 
figure S2C).

RTX treatment unveils a block in B-cell maturation of patients 
with AAV at the transitional B-cell stage
Transitional B cells are the earliest B cells reappearing in 
peripheral blood after RTX treatment.21 Transitional B cells 
were significantly decreased (figure 2A) and duration of B-cell 
depletion was significantly longer (online supplemental figure 
S1C) in patients with AAV treated with AZA or MMF for 
maintenance therapy after remission induction with RTX. In 
the RTX-only and LEF/MTX maintenance-treatment groups, 
transitional B cells were higher than in AZA-treated or MMF-
treated patients (figure 2A) and similar to controls in absolute 
counts (figure  2A), even though, during reconstitution higher 
transitional B-cell numbers compared with HD are expected.21 
Despite the presence of transitional B cells, later maturation 
stages of B cells in these two groups were reduced (figure 2B–F). 
While there was no significant difference in the frequency of 
naïve B cells between the AAV groups and HDs (figure 2B), the 
proportion of MZ-like and switched memory B cells within 
total B cells was increased in the AZA/MMF group. Conversely, 
there was a decrease in the MZ-like, switched memory and DN 

B-cell frequencies in patients with RTX-only or with LEF/MTX 
(figure 2C–E). There was no difference in plasmablast frequency 
between groups (figure 2F). The distribution of B-cell subpop-
ulations was similar in treated MPA/GPA and in EGPA patients 
(online supplemental figure S3A). Within the few class-switched 
memory cells detectable, we observed a skewed distribution 
of the IgG subclasses (online supplemental figure S3B), with a 
reduced frequency of IgG1+ and IgG4+ switched memory B cells 
in RTX-only and LEF/MTX-treated groups. The study of activa-
tion markers (online supplemental figure S4) revealed a normal 
expression of the co-stimulatory molecule CD86 in B cells of 
treatment-naïve patients, that increased after RTX treatment 
(online supplemental figure S4A). The frequency of CD95+ 
(FAS) cells within naïve and switched memory B cells was similar 
to HDs in treatment-naïve patients and increased in all RTX-
treated groups (online supplemental figure S4B). In summary, 
deep phenotyping of peripheral B cells in treatment-naïve 
patients revealed low transitional B cells, suggesting a dysregu-
lation in BM B-cell development. Maintenance treatment with 
AZA or MMF resulted in reduced BM output with low transi-
tional cells, while low counts of naïve B cells despite the presence 
of transitional B cells in RTX-only and RTX followed by LEF or 
MTX treatment suggest an additional defect in peripheral B-cell 
development.

Block in early B-cell development in AAV bone marrow
We studied the BM aspirates of seven patients (GPA, n=3; EGPA, 
n=3; MPA, n=1). In 5/7 BM, we dissected B-cell developmental 
stages from HSCs to immature/transitional B cells by mass cytom-
etry by time of flight (CyTOF) and compared it with four HD 
BM (online supplemental figure S5A, online supplemental table 
S2). Using vaevictis dimensionality reduction,22 we observed cell 
clusters that could be attributed to distinct stages of B-cell devel-
opment (figure 3A) as identified by manual gating23 (online supple-
mental figure S5A). All clusters were present in HD BM aspirates. 
On the contrary, major clusters representing the early stages of 
B-lymphopoiesis (common lymphoid progenitors (CLP), pro-B, 
pre-BI, pre-BII and immature B cells) were strongly reduced or 
absent in AAV BMs (figure 3A and B). The frequency of lineage 
negative HSCs and early progenitors was tendentially increased 
in AAV BM compared with HDs (figure 3C). B-lymphoid precur-
sors, defined by the expression of CD10+ and CD38+ (online 
supplemental figure S5A), were significantly decreased in patients 
with AAV (figure 3C). In six AAV BM, flow cytometry analysis 
confirmed the significantly lower frequency of CD10+CD38+ 
B-lymphoid precursors and normal frequency of CD34+ HSCs 
(online supplemental figure S5B,C, online supplemental table 
S3). These data pointed to a block in specification into the B-cell 
lineage in patients with AAV. Within the CD10+CD38+ popula-
tion, we further analysed individual developmental stages. CLP/
pro-B cells were significantly increased, and pre-BI cells tended to 
be elevated compared with HD BMs (figure 3D). In contrast, pre-
BII and immature B cells were tendentially decreased (p=0.0635, 
each, figure 3D). Flow cytometry analysis confirmed the increase 
in CLP/pro-B (online supplemental figure S5C), and demon-
strated significantly reduced pre-B cell frequencies compared 
with HDs (online supplemental figure S5C). Our flow cytom-
etry analysis did not allow the separation between the pre-BI and 
pre-BII cell stages. In summary, these data indicate a defective 
commitment of HSCs into the B-cell lineage resulting in strongly 
reduced B-lymphoid precursors (CD10+CD38+). Additionally, 
the development of B-lymphoid precursors is partially blocked at 
the pro-B/pre-BI cell stage in AAV BMs.
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In vitro modelling of early B-cell development reveals 
reduced and delayed immature B-cell development in AAV
As B-lymphoid precursors were strikingly reduced in the ex vivo 
BM samples of patients with AAV, we wanted to investigate the 
capacity of HSCs to undergo B-cell development in vitro. We 
used a feeder-free in vitro model of early human B-cell devel-
opment.24 25 Here, magnetically isolated CD34+ cells were 
expanded with stem cell factor (SCF), Flt3-L and first inter-
leukin (IL)-6, substituted by IL-7 to favour lymphoid commit-
ment.24 25 From day 14 on, cells were cultivated in cytokine-free 
medium to allow B-cell differentiation (figure 4A). BM-derived 
CD34+ cells encompass HSCs, CLP/pro-B (CD10+CD38+C-
D19−IgM−) and pre-BI (CD10+CD38+CD19+IgM−) cells. As 

previously shown,25 in HDs we observed a first wave of develop-
ment into immature B cells (CD10+CD38+CD19+IgM+) from 
pro-B and pre-B at day 14 of culture (figure 4B–D), and a second 
wave at day 49, derived from HSCs development into B cells 
(figure 4B–D). Using this model, we studied BM-derived CD34+ 
cells from patients with AAV (n=7, treatment-naïve n=3). The 
CD34+ cells from one AAV-BM failed to expand and develop 
beyond day 7 and were not further analysed. In the remaining six 
patients, independent of treatment, the CD10+CD38+ B-lym-
phoid precursors developed less efficiently compared with HDs, 
as demonstrated by lower cellularity of the culture (figure 4C, day 
14 counts). Accordingly, absolute numbers of further stages of 
B-cell development were lower compared with HDs (figure 4D). 

Figure 2  RTX treatment unveils a block in B-cell maturation at transitional B-cell stage in patients with antineutrophil cytoplasmic antibody-
associated vasculitis (AAV). Spectral flow cytometric analysis of peripheral B-cell populations of patients with AAV and HD. (A–F) Absolute count/µL 
blood and frequency (%) within total B cells of transitional B cells (IgM++CD38++) (A), naïve B cells (IgD+CD27−) (B), marginal zone-like B cells (MZ, 
IgD+CD27+) (C), switched memory B cells (IgD−CD27+) (D), double negative B cells (DN, IgD−CD27−) (E) and plasmablasts (CD38++CD27++) (F) in HD 
and patients with AAV grouped according to treatment. Data were analysed using Kruskal-Wallis test, corrected for multiple comparisons by Dunn’s 
multiple comparison tests and depicted as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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Looking at the dynamic of development (figure  4E), patients 
with AAV showed high frequency of CLP/pro-B cells at day 14 
and day 21, and delayed appearance of pre-B cells at day 49 of 
culture. In contrast to HDs, in patients with AAV we did not 
observe the appearance of immature B cells at day 14. In both, 
HD and AAV, we observed immature B cells formation at day 
49 (figure 4D,E). Hence, in vitro development of BM-derived 
progenitor cells revealed that CD34+ HSCs in AAV retain their 
intrinsic ability to develop into immature B cells. Together with 
the low/absent B-lymphoid precursors observed ex vivo, and the 
low transitional B cell number in treatment-naïve patients, this 
points to a non-permissive environment to B-cell development in 
patients with AAV, independent of RTX treatment. In addition, 
early B-cell development is less efficient and delayed, resulting 
in an overall lower number of B-cell precursors. In these culture 
conditions, myeloid cells developed comparably to controls in 
all patients (online supplemental figure S5D).

Low BAFF-R expression by enhanced BAFF-R processing 
contributes to impaired survival in AAV B cells after RTX 
treatment
In addition to a defective B-lymphopoiesis, impaired survival 
and maturation of peripheral B cells could also contribute to 
a delayed B-cell reconstitution after RTX treatment. BAFF-R 
mediates peripheral B-cell survival and supports the matura-
tion of transitional B cells.26 BAFF-R expression was lower in 
treatment-naïve patients with AAV compared with HDs and 
significantly reduced in all RTX-treated groups in peripheral 

B-cell subpopulations (figure  5A, online supplemental figure 
S6A,B). BAFF-R expression remained low also after acidic-
elution of ligand BAFF from the receptor (online supplemental 
figure S6C), excluding reduced detection of the receptor because 
of ligand-binding. As expected,27 BAFF serum levels of RTX-
treated patients with AAV were significantly increased compared 
with treatment-naïve patients with AAV and HDs (figure  5B). 
In line with its pro-survival function, BAFF-R expression posi-
tively correlated with the absolute numbers of B cells in RTX-
treated patients and inversely correlated with BAFF serum levels 
in treatment-naïve and RTX-treated patients (figure 5C). Trans-
membrane activator and CAML interactor (TACI) is another 
BAFF-binding receptor.26 TACI expression was normal in 
treatment-naïve AAV, but decreased in all RTX-treated groups in 
switched memory and MZ-like B cells (figure 5D) and correlated 
positively with BAFF-R expression in RTX-treated patients with 
AAV (figure 5E). The decrease in TACI expression did not corre-
spond to increased soluble TACI in the serum of patients with 
AAV (figure 5F).

Low BAFF-R expression was not linked to reduced mRNA 
expression in AAV (figure 6A). BAFF-R is processed upon ligand 
binding by metalloproteases ADAM10 and ADAM17.28 We 
observed similar expression of ADAM10 in patients with AAV 
and controls (figure 6B, online supplemental table S4). ADAM17 
expression was increased in two patients only (figure 6B). After 
shedding of the extracellular domain of BAFF-R, the C-ter-
minal part (BAFF-R CT) remains in the cell membrane.28 Hence, 
BAFF-R processing can be analysed by detecting BAFF-R CT 

Figure 3  Impaired B-lymphopoiesis in bone marrow (BM) of patients with antineutrophil cytoplasmic antibody-associated vasculitis (AAV). Ex vivo 
BM aspirates of AAV and healthy donors (HD) were analysed by mass cytometry by time of flight. (A) Vaevictis dimensionality reduction projections 
of one HD and five patients with AAV with outlined regions of subpopulations. Defined regions show 95% probability contouring from indicated 
subpopulations. (B) Distribution of subpopulations as frequency of live (cPARP-/cleaved caspase 3−) cells of analysed BM samples. (C) Frequency of B 
lineage- (B lin-) early progenitor cells and CD10+CD38+ lymphoid precursor cells in live (cPARP−cleaved caspase 3−) cells. (D) Frequency of common 
lymphoid progenitors (CLP)/pro-B cells, pre-BI, pre-BII and immature B cells within CD10+CD38+ lymphoid precursor cells. (C, D) Filled circles: 
treatment-naïve except for short-term glucocorticoids; empty circle: RTX-induction therapy+LEF maintenance therapy; empty triangle: CYC+high-dose 
prednisolone. Data were analysed using Mann-Whitney U test and depicted as *p<0.05.
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https://dx.doi.org/10.1136/ard-2024-225587
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https://dx.doi.org/10.1136/ard-2024-225587
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by western blot analysis. We analysed B cells of RTX-treated 
patients with AAV (n=6) with low BAFF-R expression and found 
increased BAFF-R CT expression (figure 6C), indicating that low 
surface BAFF-R expression may derive from increased BAFF-R 
shedding. BAFF is needed for shedding of BAFF-R.28 Indeed, 
incubation of AAV B cells in BAFF-free medium, resulted in 
re-expression of BAFF-R at similar levels to HDs (figure 6D). 
To study the functional impact of low BAFF-R expression on 
survival, isolated B cells were cultivated in the presence or 
absence of BAFF (figure  6E). In contrast to HDs, addition of 
BAFF did not improve survival of B cells isolated from RTX-
treated patients with AAV, and only minimally in treatment-naïve 
patients with AAV (figure 6F).

DISCUSSION
RTX treatment results in prolonged B-cell depletion in a substan-
tial proportion of patients with AAV,9 10 independently of the 
retreatment schedule. Here, we addressed the underlying cause 
by exploring the central and peripheral B-cell compartment in 
patients with AAV before and after RTX treatment. We discov-
ered a defect in B-lymphopoiesis in the BM that preceded RTX 
treatment and resulted in low transitional B cells in treatment-
naïve patients with AAV. The modelling of early B-cell devel-
opment revealed residual ability of AAV HSCs to develop into 
B cells in vitro, pointing to a non-permissive BM environment, 
associated with an insufficient generation of mature B cells. 
Additionally, BAFF-R expression on peripheral B cells of patients 

with AAV is reduced after RTX treatment, reducing survival of 
these cells in response to BAFF.

The peripheral B-cell pool is replenished starting with tran-
sitional B cells emerging from the BM.21 In our cohort, transi-
tional B cells were decreased in treatment-naïve patients, in line 
with previous reports.8 29 Low transitional B cells suggest either 
an impaired central B-cell development or a defect of imma-
ture B cells in exiting the BM. BM analysis showed the almost 
complete absence of B-cell progenitors in patients with AAV. 
Defects in B-lymphopoiesis have been described in patients with 
agammaglobulinemia with mutations in lineage-determining 
transcription factors or components of the B-cell receptor 
signalling pathway.17 Differently from agammaglobulinemia, 
in our patients B-lymphoid precursors were almost absent in 
BM. As mature B-cell stages were detectable in AAV BM and 
periphery, B-cell development can occur in patients with AAV, 
even though inefficiently, as shown by low transitional B cell 
numbers, and by a partial block in B-lymphopoiesis. Disturbed 
B-cell development becomes clinically apparent by a stressor, 
such as the autoimmune disease itself or the B-cell depleting 
treatment. Impaired B-lymphopoiesis can result from intrinsic 
B cell defects, and from a ‘hostile’, non-permissive BM environ-
ment, as observed in patients with common variable immuno-
deficiency (CVID). HSCs of patients with CVID develop into 
immature B cells in vitro, while a block in early B-cell develop-
ment is observed in ex vivo BM aspirates.25 We found a similar 
scenario in patients with AAV, where AAV CD34+ progenitors 

Figure 4  Delayed but intact B-cell development in vitro of antineutrophil cytoplasmic antibody-associated vasculitis (AAV) bone marrow (BM). 
(A) Experimental setup of in vitro development of BM-derived CD34+ cells to immature B cells. Isolated CD34+cells from the BM of HD (n=8) and 
patients with AAV (n=6) were cultured as described24 25 and analysed by flow cytometry every 7 days. (B) Representative plots show the development 
of CD10+CD38+ lymphoid precursors to IgM+CD19+ immature B cells over 49 days in HD (upper row) and AAV (lower row). (C–E) Development of 
subpopulations over time. Absolute counts of CD10+CD38+ lymphoid precursors (C), common lymphoid progenitors (CLP)/pro-B cells, pre-B cells and 
immature B cells (D) as well as frequency of CLP/pro-B cells, pre-B cells and immature B cells in CD10+CD38+ (E). (C–E) Filled circles: treatment-naïve 
except for short-term glucocorticoids; empty triangle: CYC+high-dose prednisolone. Mean of 3–5 technical replicates per donor±SEM is shown.
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were able to produce immature B cells in vitro, although at much 
lower speed but not in vivo. The HSC niche is a tightly regulated 
environment and positioning of B cells in microniches, which 
provide the developing B cells with signals like SCF, IL-7 and 
CXCL12, is essential for progression through the developmental 
stages.30 31 Modulation of Flt3 signalling controls proliferation 
of multipotent progenitors and CLPs as well as further devel-
opment.17 Indeed, altered Flt3L was reported in AAV serum,32 

pointing to a potential involvement of this signalling pathway. In 
addition, chronic inflammation can redirect or exhaust lymph-
opoiesis because of unfavourable cytokine environment,33 34 
steroids35 36 or sex hormones.37 The effects are usually tempo-
rary and normal lymphopoiesis can be then restored. In AAV, we 
observed a persistent (up to 12.5 years) defect in B-cell recon-
stitution after RTX treatment, suggesting persistent changes in 
the BM environment and/or in HSCs that hinders development. 

Figure 5  Expression of BAFF-receptor (BAFF-R) and TACI is reduced in recirculating B cells after rituximab (RTX) treatment. (A) Representative flow 
cytometry plot of BAFF-R expression (left) and bar graph of median fluorescence intensity (MFI) of BAFF-R (right) in non-plasmablast B cells. (B) BAFF 
concentration (pg/mL) was measured in the serum of healthy donors (HD) and patients with antineutrophil cytoplasmic antibody-associated vasculitis 
(AAV) using LEGENDplex assay. (C) Correlation of BAFF-R MFI in non-plasmablast B cells with absolute count of B cells/µL blood (left) and BAFF 
concentration in serum (right). (D) Representative flow cytometry plot of TACI expression (left) and bar graph of MFI of TACI (right) in marginal zone-
like (MZ-like) and switched memory B cells. (E) Correlation of BAFF-R MFI with TACI MFI. (F) Soluble TACI (sTACI) concentration (pg/mL) was measured 
in the serum of HD and patients with AAV by ELISA. Data were analysed using Kruskal-Wallis test, corrected for multiple comparisons by Dunn’s 
multiple comparison tests and depicted as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Correlation analysis was performed by non-parametric 
Spearman’s correlation.
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Further studies will be required to identify these primary factors. 
In treatment-naïve AAV, low transitional B cells did not trans-
late into low naïve B cell numbers. This can be explained by 
the different half-life between transitional (3 days) and naïve B 
cells (3 months).38 39 Hence, a reduction in BM output is rapidly 
manifested by low transitionals, while the naïve B-cell compart-
ment will change much later in time. Therefore, manifestation 
in the mature B-cell compartment will require a stressor such as 
RTX treatment.

MZ B cell survival and maturation is spleen-dependent and 
BAFF-R-dependent.18 26 40 We found low MZ-B cells in AAV. On 
one side, functional hyposplenism because of micro-infarction 
has been reported in AAV,41 42 on the other side, we observed 
a tendentially low BAFF-R expression in untreated patients 
with AAV B cells, and a significantly lower BAFF-R expression 
in RTX-treated patients with AAV. Hence, both hyposplenism 

and low BAFF-R expression may contribute to low MZ-B cells. 
While a defect in B-lymphopoiesis seems to be the major cause of 
defective peripheral B-cell replenishment, low BAFF-R expres-
sion in RTX-treated AAV may hinder peripheral B-cell develop-
ment as immature B cells may inefficiently proceed to the mature 
B-cell stage. Reduced BAFF-R expression in repopulating B cells 
after RTX therapy has been observed in other autoimmune 
diseases with normal B-cell repopulation time, such as rheuma-
toid arthritis and thrombotic thrombocytopenic purpura.43–45 
Thus, low BAFF-R could also be a feature of B-cell repopulation 
after RTX due to high BAFF environment. Thus, the impact of 
BAFF-R expression on the peripheral B-cell development defect 
in AAV has to be further examined.

Skewed BM development towards myelopoiesis has been 
described in AAV. Furthermore, clonal haematopoiesis of inde-
terminate potential has been associated with AAV and bias for 

Figure 6  Low BAFF-receptor (BAFF-R) expression by enhanced BAFF-R processing contributes to impaired B-cell survival in antineutrophil 
cytoplasmic antibody-associated vasculitis (AAV). (A) TNFRSF13C mRNA expression relative to RPLPO was determined by quantitative PCR. 
(B) ADAM10 and ADAM17 expression was analysed as median fluorescence intensity (MFI) in B cells. (C) Western blot analysis of ex vivo isolated B 
cells of BAFF-R c-terminal fragment (BAFF-R ct) in patients with AAV compared with HD. Representative western blot analysis (left) and quantification 
of BAFF-R ct in relation to β-actin (right). (D) Isolated B cells were cultured in medium+3% fetal calf serum (FCS) for 5 days. BAFF-R expression in 
B cells was analysed as MFI. (E) Experimental setup of performed survival assay. Isolated B cells were cultured as indicated in medium+3% FCS 
in absence or presence of 50 ng/mL BAFF-60mer. Cells were analysed by flow cytometry. (F) Survival benefit of BAFF addition to the culture was 
analysed. Counts of B cells on day 5 of both culture conditions were compared (left). Ratio of BAFF/medium treated B cells (counts) on day 5 (right). 
Data were analysed using Kruskal-Wallis test, corrected for multiple comparisons by Dunn’s multiple comparison tests or Mann-Whitney U test and 
depicted as *p<0.05.
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the myeloid lineage.46 A myeloid skewing was not observed 
in our culture system in AAV HSCs compared with controls, 
suggesting that AAV HSC precursors are not intrinsically biased 
to develop more into myelopoiesis. Different immunosuppres-
sive agents appear to impact the repopulation time after RTX-
mediated depletion. AZA and MMF are associated with the 
longest B-cell repopulation time and with a striking reduction 
in transitional B cells. Indeed, it was reported that thiopurines 
can significantly reduce peripheral B cells and especially transi-
tional B cells.47 Furthermore, MMF inhibits B-cell proliferation 
in vitro.48 Mycophenolic acid inhibits inosine monophosphate 
dehydrogenase, potentially stimulating toll-like receptor (TLR) 
signalling. It has been shown that stimulation of HSCs with TLR 
agonists leads to a differentiation along the myeloid lineage,49 50 
and chronic exposure of expanding HSCs to TLR ligands leads to 
a defect in their repopulation.51 52 Whether this mechanism adds 
to a per se impaired repopulation capacity of the B-cell compart-
ment in AAV and contributes to the prolonged B-cell repopu-
lation, warrants further studies. CYC has been associated with 
B-cell depletion and reduced serum antibody levels.11 Overall, 
we estimate the influence of CYC on the results presented here 
to be rather small, as CYC did not lead to lower B-cell counts or 
different B-cell depletion times compared with patients who had 
not received CYC therapy.

Our observations are meaningful to the current discussion on 
the length of RTX-maintenance therapy. Data pointing towards 
a defect in BM B-cell development are important, as they call for 
caution with regard to long-term B-cell depletion, stimulate the 
discussion on biomarker-guided on-demand therapy after RTX 
administration, emphasise the need for regular immunoglobulin 
controls and indicate that the combination of RTX with subse-
quent administration of AZA or MMF can significantly prolong 
the B-cell depletion time.

Our study has several limitations. First, the analyses of BM 
were limited to seven patients. Second, having obtained BM 
‘per indication’ might have introduced a selection bias, but as 
the results of the analyses of the peripheral B-cell compartment 
(eg, low transitional B cells) are perfectly in line with the find-
ings of the BM analyses, we do not think, that indications for 
BM puncture did relevantly skew the results of our analyses. 
Third, the molecular mechanisms behind the BM niche defect 
and the alterations in peripheral B-cell maturation and survival 
in patients with AAV remain to be defined. Therefore, our 
observations prompt further studies analysing BM in a larger 
AAV cohort.

In conclusion, we found a profound dysregulation of the 
B-cell compartment in AAV with a disturbed central B-lympho-
poiesis and almost absent B-lymphoid precursors in the BM. The 
reduced output from the BM impairs B-cell reconstitution after 
RTX treatment in AAV and stimulates the debate regarding RTX 
retreatment schedules.

MATERIALS AND METHODS
Patients’ characteristics and inclusion criteria
Patients included in this retrospective analysis were identified 
from the IR-Biobank and the FREEZE-biobank of the University 
Hospital Freiburg between 2012 and 2021. Clinical data were 
extracted from the database of the Department of Rheumatology 
and Clinical Immunology, University Hospital Freiburg. Inclu-
sion into the study required a diagnosis of ANCA-associated 
vasculitis (GPA, MPA or EGPA) according to the ACR 1990 or 
the 2022 ACR/EULAR criteria.53–57 Patients were included into 
the analysis if they:

A.	 had received RTX treatment with a minimal subsequent 
follow-up observation period of at least 6 months or

B.	 had newly diagnosed AAV and were treatment-naïve (except 
for short-term GCs).

Patients undergoing plasmapheresis or substitution of immu-
noglobulins because of hypogammaglobulinemia were excluded 
from immunoglobulin analyses. In all patients, peripheral B-cell 
counts were measured regularly after RTX treatment. B-cell 
depletion time was calculated from RTX administration to B-cell 
repopulation, with B-cell repopulation defined as more than five 
B cells (CD19+ cells in the lymphocyte gate) per µL in peripheral 
blood.

Clinical and laboratory assessments
Routine laboratory parameters were extracted from the clinical 
information system of the University Hospital Freiburg. Ig serum 
concentrations were determined by nephelometry (Behring 
Nephelometer; normal ranges: IgG 7–16 g/L, IgM 0.4–2.3 g/L, 
IgA 0.7–4 g/L). ANCA staining patterns were assessed by indi-
rect immunofluorescence. The specificity of ANCA for myelop-
eroxidase or proteinase was assessed by ELISA (Euroimmun) or 
by Alegria (Orgentec) with the cut-off of 5 U/mL for anti-MPO 
and anti-PR3. Lymphocyte and B-cell absolute counts and 
frequencies were analysed by Gallios flow cytometer (Beckmann 
Coulter, Krefeld, Germany).

Flow cytometry
Peripheral blood mononuclear cells (PBMCs) were isolated 
from EDTA-blood by density gradient centrifugation and were 
cryopreserved until use. PBMCs were either stained directly or 
for patients that were expected to have very low frequency of 
B cells, magnetic B-cell enrichment using the EasySep Human 
B cell Isolation Kit (STEMCELL Technologies) following the 
manufacturer’s protocol was performed. Samples were stained 
using the antibodies listed in online supplemental table S1. To 
exclude bound BAFF preventing binding of the BAFF-R anti-
body, a representative number of patients with AAV and HD 
PBMCs were stained after acidic elution to remove bound BAFF 
from the receptor. For this, samples were incubated for a minute 
with citrate buffer (0.133 M citric acid+0.066 M Na2HPO4, pH 
3.3) before washing and staining. Samples were acquired with 
the Cytek Aurora (Cytek) using SpectroFlo software (Cytek) and 
analysed by FlowJo. Absolute B-cell counts of patients with AAV 
were measured by routine diagnostics and extracted from the 
clinical information system. Absolute counts of subpopulations 
were calculated using the frequency of the respective popula-
tion measured at Cytek Aurora. Absolute count of B cells and 
subpopulations of HDs: median of lymphocytes/µL (from nine 
HD measured by routine diagnostics) was used as standard 
reference to calculate individual absolute counts of B cells and 
subpopulations from the frequencies measured at Cytek Aurora.

Bone marrow analysis
AAV BM aspirates were obtained from n=7 consecutive 
patients. Patients were hospitalised because of active new onset 
(n=3) or relapsing (n=4) AAV. HD BM was collected from 
orthopaedic surgery or testing for exclusion of malignancy. Ex 
vivo BM aspirates were analysed by mass cytometry (CyTOF) 
(see ‘Mass cytometry, sample staining and acquisition’ section) 
or flow cytometry. Flow cytometric analysis was performed 
using a FACS Canto II (BD) or for some HD samples a Cytek 
Aurora (Cytek) with SpectroFlo software (Cytek) (for panels see 
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online supplemental tables S2 and S3) and data were analysed 
by FlowJo.

Mass cytometry, sample staining and acquisition
Metal-tagged antibodies were either purchased (Standard 
BioTools) or conjugated in-house using Maxpar X8 Antibody 
Labelling Kit (Standard BioTools) according to manufactur-
er’s instructions. Antibodies were validated and titrated for the 
appropriate concentrations and are listed in online supplemental 
table S2. The samples were stained as described previously58 and 
according to the MaxPar Nuclear Antigen Staining with Fresh Fix 
(Standard BioTools) protocol as described by the manufacturer. 
Mass cytometry sample acquisition was performed on Helios 
instrument (Standard BioTools, CyTOF 6.7.1014 software) after 
preparation according to the manufacturer’s recommendation. 
For visualisation of the mass cytometry data, we used our deep 
learning-based dimensionality reduction technique using the 
vaevictis model,22 one of the autonomous modules integrated in 
the tviblindi tool.

Modelling of early B-cell development in vitro
CD34+ cells were isolated from BM aspirates using the CD34 
MicroBead Kit (Miltenyi Biotec) following manufacturer’s 
protocol. BM culture was performed as described previously.24 25 
In brief, CD34+ cells were plated in 96-well plates at 105 cells/
mL in Iscove’s medium containing insulin, transferrin, non-
essential amino acids, glutamine, glutathione and 10% FCS. 
Culture medium was supplemented with stem cell factor (SCF), 
Flt3 ligand (Flt3L) and IL-6 (each 25 ng/mL; Immunotools). On 
day 7, cells were replated at 105 cells/mL and medium supple-
ments were changed to IL-7 (20 ng/mL; Immunotools), SCF 
and Flt3L. From day 14 on, no cytokines were added to the 
culture medium that was changed twice a week. Flow cytometric 
analysis was performed every 7 days and cells were collected for 
RNA isolation if sufficient material was available.

Culture was analysed using CD34 PE-Cy7 (clone 581, 
BioLegend), CD10 FITC (clone HI10a BioLegend, W8E7, BD), 
CD38 PB (clone HIT2, Exbio), CD19 BV510 (clone HIB19, 
BioLegend) or CD19 APC-Cy7 (clone HIB19, BioLegend), 
CD33 PerCP-Cy5.5 (clone WM53, BioLegend), IgD PE 
(Southern Biotech) or IgD PE-Cy7 (clone IA6-2, BioLegend), 
IgM AF647 (Jackson Immuno Research). Dead cells were identi-
fied by zombie NIR Fixable Viability Kit (APC-Cy7, BioLegend) 
or zombie Aqua Fixable Viability Kit (AmCyan, BioLegend). 
Data were acquired using a FACS Canto II (BD) and analysed 
by FlowJo. For analysis of the frequency of CLP/pro B, preB and 
immature B cells within CD10+CD38+, a threshold of 10 cells 
within the CD10+CD38+ was set to include the sample into the 
analysis.

LEGENDplex and ELISA
Serum BAFF concentrations were quantified using LEGENDplex 
Human B Cell Panel (BioLegend) according to the manufactur-
er’s protocol. Serum ADAM10 (LifeSpan BioSciences), TACE/
ADAM17 (DuoSet ELISA, R&D Systems), BAFF-R (Elabscience) 
and TACI/ TNFRSF13B (DuoSet ELISA, R&D Systems) concen-
trations were measured using commercially available ELISA kits 
according to the manufacturer’s protocol.

Quantitative PCR
Total RNA was isolated from isolated B cells using either the 
RNeasy Mini Kit (Qiagen) for >500 000 B cells or RNeasy 
Micro Kit (Qiagen), if <500 000 B cells were available. Kits were 

used according to the manufacturer’s protocol. RNA concen-
tration was measured at the NanoDrop 2000c (ThermoScien-
tific). For complementary DNA, RNA was reverse transcribed 
using random hexamer primers (Invitrogen) and Superscript III 
reverse transcriptase (Invitrogen). Quantitative PCR was carried 
out using a TaqMan 2x Gene Expression Master Mix (Applied 
Biosystems) and primers: BAFF-R (Hs00606874_g1, Thermo-
Scientific), RPLPO (4333761F, ThermoScientific). The mRNA 
levels were standardised to the reference gene RPLPO and rela-
tive expression was calculated using the ΔCT method.

Western blot analysis
Western blot analysis was performed on ex vivo isolated B cells 
of patients with AAV and HDs using anti-BAFF-R CT (Enzo Life 
Sciences) and β-actin (clone C4, Santa Cruz Biotechnology). 
Chemiluminescence signal was acquired using a Fusion-FX7 
(Vilber) and signal was quantified using Fusion Software. Signal 
of BAFF-R bands (BAFF-R Ct, 20 kDa; BAFF-R 50 kDa; BAFF-R 
38 kDa) were normalised to β-actin.

Survival assay
B cells isolated in a total of 5×104 total isolated B cells from HD 
or patients with AAV were cultured in Iscove’s medium+3% FCS 
with or without addition of 50 ng/mL BAFF60mer (AdipoGen 
Life Sciences) for 5 days. Medium was changed on day 2. Cells 
were analysed on day 0 and day 5 by flow cytometry on a Cytek 
Aurora (Cytek) using SpectroFlo software (Cytek) and analysed 
by FlowJo (antibodies are listed in online supplemental table 4).

Statistical analysis
Statistical analysis was performed using GraphPad Prism soft-
ware V.10.1.1 as indicated in figure legends.
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