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A B S T R A C T   

Plasma cells are the antibody secretors of the immune system. Continuous antibody secretion over years can 
provide long-term immune protection but could also be held responsible for long-lasting autoimmunity in case of 
self-reactive plasma cells. Systemic autoimmune rheumatic diseases (ARD) affect multiple organ systems and are 
associated with a plethora of different autoantibodies. Two prototypic systemic ARDs are systemic lupus ery
thematosus (SLE) and Sjögren’s disease (SjD). Both diseases are characterized by B-cell hyperactivity and the 
production of autoantibodies against nuclear antigens. Analogues to other immune cells, different subsets of 
plasma cells have been described. Plasma cell subsets are often defined dependent on their current state of 
maturation, that also depend on the precursor B-cell subset from which they derived. But, a universal definition 
of plasma cell subsets is not available so far. Furthermore, the ability for long-term survival and effector functions 
may differ, potentially in a disease-specific manner. Characterization of plasma cell subsets and their specificity 
in individual patients can help to choose a suitable targeting approach for either a broad or more selective plasma 
cell depletion. Targeting plasma cells in systemic ARDs is currently challenging because of side effects or varying 
depletion efficacies in the tissue. Recent developments, however, like antigen-specific targeting and CAR-T-cell 
therapy might open up major benefits for patients beyond current treatment options.   

1. Introduction 

Plasma cells are terminally differentiated B-cells and often described 
as antibody factories. Their intracellular compartments are specialized 
on mass protein production and distribution that makes their appear
ance fundamentally different to that of their B-cell precursors [1]. 
During plasma cell differentiation B-cells undergo many morphological, 
transcriptional and metabolic changes to become a functional plasma 
cell [2–5], that can persist and secrete antibodies for timespans between 
days and decades [6–8]. This long lifespan presumably also applies to 
autoreactive plasma cells that secrete potentially pathogenic antibodies 
targeted against self-antigens [9–11]. 

A plethora of different autoantibodies can be found in various sys
temic autoimmune rheumatic diseases (ARD). Systemic lupus 

erythematosus (SLE), Sjögren’s disease (SjD), rheumatoid arthritis (RA) 
and systemic scleroderma (SSc) are ARDs with systemic manifestations 
and organ involvement that supposedly share common mechanisms of 
B-cell alterations with similar outreach into the plasma cell compart
ment. However, these four diseases typically show differences in the 
organ that is most affected, namely joints, skin and exocrine glands in 
RA, SSc and SjD, respectively, while SLE can affect almost every organ. 
Depending on the organs affected, systemic ARDs can manifest cardio
vascular, renal, cerebral, pulmonal, cutaneous, musculoskeletal or 
glandular complications [12–17]. While clinical phenotypes differ, 
shared underlying mechanisms for these systemic ARDs include the 
disturbance of immune tolerance leading to autoimmune reactions 
against nuclear and/or cytoplasmic self-antigens [18]. Autoreactive 
immune cells, including B- and T-lymphocytes, contribute to systemic 
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abnormalities and initiate local, inflammatory processes that may lead 
to tissue destruction [19–21]. B-cell abnormalities are present in many 
ARDs and are for example reflected by altered distribution of peripheral 
B-cell subsets [22–24], lowered B-cell activation thresholds and 
increased risk of B-cell transformation into lymphomas [25]. Increased 
levels of serum IgG antibodies and various types of self-directed auto
antibodies are often considered part of these B-cell abnormalities. 
Consequently, B-cell-targeted therapies have been widely explored as a 
treatment option for systemic ARDs. However, most B-cell therapies do 
not directly affect plasmablasts and plasma cells (often jointly referred 
to as antibody-secreting cells), the cells which are solely responsible for 
antibody secretion. For the purpose of simplicity, this review will refer 
to all antibody-secreting cells as plasma cells. 

This review will focus on the special characteristics of plasma cells, 
their subsets, what is known about their role in systemic ARDs, partic
ularly SLE and SjD, and the promises and pitfalls of plasma cells as target 
population for treatment. 

2. Who? – The origin of plasma cells 

2.1. The origin of B-cells 

B-cells originate in the bone marrow from hematopoietic stem cells 
(summarized in [26]). B-cell lymphopoiesis involves rearrangements of 
variable, diversity and joining genes that leave every B-cell with a unique 
B-cell receptor (BCR) out of 100 billion possible different specificities 
[27]. Given the mostly random nature of these rearrangements, many 
newly generated B-cells show capabilities to bind self-antigen [28]. To 
contain this autoreactive potential, central and peripheral tolerance 
checkpoints exist that remove autoreactive cells from the B-cell pool or 
induce an anergic state resulting in unresponsive autoreactive B-cells 
[29–31]. Tolerance mechanisms reduce the frequency of autoreactive 
B-cells from ~75% in the early stages to 10–20% in mature B-cells in 
healthy individuals [18,28,32,33]. 

2.2. Differentiation of B-cells into plasma cells 

After their full maturation into naïve B-cells, antigen-specific acti
vation can induce differentiation of B-cells into plasma cells. The nature 
of the antigen, BCR affinity, co-stimulatory signals during B-cell acti
vation, and the B-cell subtype influence how B-cells differentiate to
wards plasma cells and might also affect the long-term fate of the 
resulting plasma cells. This differentiation can either be directly at 
extrafollicular sites, or indirectly after participation in germinal center 
reactions (overviewed in [34–40]). 

Extrafollicular plasma cell formation occurs after BCR crosslinking 
and either toll-like receptor (TLR) engagement as additional signal and/ 
or co-stimulation by T-cells. TLR signaling upregulates the TACI recep
tor, binding the two important B-cell cytokines BAFF and APRIL that 
induce isotype switching in synergy with BCR and TLR engagement 
[41]. Consequently, TACI engagement is necessary for adequate IgM and 
IgG responses against repetitive antigens (e.g., carbohydrate antigens) 
binding to the BCR, but to which T-cell cannot provide co-stimulation 
[42]. Elevated BAFF levels might therefore drive especially extra
follicular B-cell responses. In T-cell dependent responses, PD-1+CXCR5−

peripheral or PD-1+CXCR5+ follicular helper T-cells (TPH or TFH, 
respectively) can stimulate class switching and plasma cell differentia
tion outside or inside of follicles [43–45]. Different types of extra
follicular TPH cells have been reported with different mechanisms 
(IL-21-dependent or -independent) to support plasma cell differentiation 
[46,47]. Plasma cells derived from extrafollicular responses are often 
short-lived and mainly secrete IgM or IgG depending on the presence of 
class switching signals and cellular origin (reviewed in [38]). 

Germinal centers are highly organized structures that contain mainly 
B-cells, TFH-cells and follicular dendritic cells (FDC) (see [48,49] for an 
overview). Germinal center B-cells rapidly proliferate and express 

activation-induced deaminase (AID), an enzyme that is responsible for 
somatic hypermutation in the variable antibody region and isotype 
switching [50,51]. B-cells compete for antigen presented by FDCs and 
subsequently present the acquired antigen in the context of MHC class II 
molecules to obtain stimulatory signals from TFH-cells [52–54]. Several 
rounds of mutation and selection raises the average B-cell affinity within 
a germinal center over time [55]. Higher antigen-affinities allow 
germinal center B-cells to take up more antigen from the FDCs, herewith 
presenting more antigen to CD4+ T-cells, and consequently are able to 
receive more co-stimulatory signals than low-affinity germinal center 
B-cells [56,57]. While germinal centers continuously generate memory 
B-cells [58,59], plasma cell differentiation requires higher 
antigen-affinities [60]. The germinal center B-cells with higher affinities 
receive more T-cell help, including stronger CD40 signaling. Only high 
levels of CD40 signaling induce high levels of interferon-regulatory 
factor 4 (IRF4) and subsequently Blimp1 [57], two important plasma 
cell transcription factors. Germinal center reactions frequently give rise 
to long-lived plasma cells, especially during late phases of immune re
actions, that mostly produce IgG antibodies [58]. 

A classical immune reaction, e.g., towards pathogens or vaccina
tions, that initiates extrafollicular and germinal center derived plasma 
cell generation, produces a fast initial peak of antibodies for 2–4 weeks. 
While antibody levels typically decline to ~10% of the peak antibody 
response within months [61,62], it can then remain stable over decades 
[63]. Animal studies showed increased probability of long-lived plasma 
cell generation at the late stage of an immune reaction around a month 
after antigen exposure [64] corresponding to stable long-term antibody 
titers after vaccination in humans [65,66]. 

2.3. Tolerance during plasma cell differentiation 

To protect the body from autoimmunity, autoreactive B-cells 
participating in germinal center reactions are prone to lose self-binding 
capacity gradually due to somatic hypermutations [67]. However, so
matic hypermutation can also lead to de novo autoreactivity during 
germinal center reactions. Studies with monoclonal autoantibodies from 
B-cells and plasma cells from SLE or RA patients, respectively, revealed 
that reversion of the mutated configuration to their respective germline 
configuration led to reduced or lost binding capacities in at least a 
proportion of the tested autoantibodies [68,69]. In addition, defects of 
germinal center exclusion may exist in systemic ARDs [70–72]. In 
healthy individuals, B-cell autoreactivity is lower in post-germinal 
center cells, since lower frequencies of anti-nuclear antibody (ANA) 
reactive cells are observed in IgG memory compared to naïve B-cells in 
healthy controls [33]. This is likely regulated by T-cells, since T-cell help 
is required for proper germinal center B-cell responses. T-cell tolerance 
mediated by negative selection in the thymus during T-cell development 
is generally considered to be more stringent than for B-cells. Germinal 
center B-cells are additionally inhibited by follicular regulatory T-cells 
[73]. This concept of cognate antigen recognition by B- and T-cells 
serves as additional autoreactivity checkpoint in germinal centers [29]. 

2.4. Establishing the plasma cell identity 

Plasma cells have a unique phenotype largely dedicated to protein 
production, including enlarged overall cell size, mitochondrial mass, 
endoplasmic reticulum (ER) and Golgi structures in comparison to their 
B-cell precursors [74,75] (Fig. 1). This plasma cell identity is induced 
and maintained by three main transcription factors: IRF4, already 
up-regulated in plasma cell precursors due to CD40 engagement [76, 
77], Blimp1, induced by IRF4 and cell division [78,79], and X-box 
binding protein 1 (XBP1), increased in response to ER protein overload 
[80,81]. IRF4 and Blimp-1 are both required for plasma cell differenti
ation. Additionally, IRF4 is required for maintenance of the plasma cell 
phenotype [82], whereas Blimp-1 and XBP-1 are important for the 
secretory function [83,84]. 
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3. How? – Functions of plasma cells 

3.1. (Auto)antibody secretion 

The most well-known and dominant role of plasma cells is their ca
pacity to produce antibodies. Since every plasma cell can produce up to 
10,000 antibody molecules per second [85], the total plasma cell pool 
produces typically around 3–9 g IgA and 3 g IgG on a daily basis in 
healthy adults [86]. Some systemic ARDs like SLE and SjD are associated 
with increased total serum IgG levels (hypergammaglobulinemia), while 
RA and SSc show no IgG elevation or only in association with disease 
severity [87–89]). In general, it is thought that bone marrow plasma 
cells, with typically long-lasting lifespans, are the primary source of 
circulating antibodies [90], however, a specific location for long-term 
survival of autoantibody-producing plasma cells is not known yet. 
Both short- and long-lived autoreactive plasma cells are present in lupus 
mouse models, and in some mouse models, the spleen seems to represent 
a major source of autoreactive plasma cells [91]. Persistence of 
long-lived plasma cells additionally takes place in lymph nodes [92]. 
Increased numbers of circulating plasmablasts may also mirror auto
antibody secretion in systemic ARDs [93–98]. 

3.2. Secretion of cytokines 

Many studies show an important role of cytokine production by B- 
lineage cells. These cytokines can be pro- or anti-inflammatory, prob
ably depending on the type of immune response or involved B-cell 
subsets (reviewed in [99]). Since plasma cells have a specialized ma
chinery for protein production and secretion, it is conceivable that they 
can also produce high amounts of cytokines. Indeed there are plasma 
cells that produce high amounts of IL-10 and IL-35. These plasma cells 
are called regulatory plasma cells and are defined by expression of 
lymphocyte-activating gene 3 (LAG-3) [100]. These plasma cells can 
produce high amounts of IL-10 and IL-35 early during salmonella 
infection [101]. Likewise, IL-10 production by murine plasma cells has 
been shown in the context of experimental autoimmune encephalitis 
[102]. Studies with human B-cells show that a broad spectrum of B-cells 
secrete IL-10, including plasmablasts, but these findings mostly rely on 

in vitro B-cell stimulation [103]. Other mouse studies suggested that 
murine plasma cells could be a major contributor to pro-inflammatory 
cytokine production, such as GM-CSF and IL-17 [104,105]. These 
studies should be interpreted with caution, as the plasma cell identity 
was not always unequivocally established. Nevertheless, it is likely that 
the type of cytokines produced by plasma cells depends on their stim
ulatory condition, e.g., due to a pro-inflammatory milieu. Functional 
studies into the specific role of cytokine production by plasma cells as 
opposed to total B-cells have not been reported to date. Therefore, it will 
be of interest to determine the relative contribution of plasma cells to 
pro- and anti-inflammatory cytokine production in health and disease. 

4. When & where? – Maturation of plasma cells and the niche 
concept 

4.1. Current assessment of maturity 

The life-span of plasma cells has an enormous range from days to 
decades [8,106]. But the definition of markers that reflect their maturity 
and the potential lifetime of a plasma cell has been challenging. By 
distinguishing newly generated vaccine-specific plasmablasts and pre
viously present plasma cells with non-vaccine specificity, a decrease in 
CD19, CD45 and MHCII but an increase of B-cell lymphoma protein 2 
(Bcl2) and Blimp1 in plasma cells could be observed [107–109]. Addi
tionally, Ki-67 is a common proliferation marker that identifies recently 
generated plasmablasts [109,110]. CD138 is part of murine plasma cell 
identification, because CD138 is expressed by all murine plasma cells 
[111]. However, human plasma cells are usually defined as 
CD27+CD38high cells, also including plasmablasts, while excluding other 
immune cell markers like CD3, CD14 and/or CD16 [112]. Expression of 
CD138 is found on a proportion of circulating human plasma cells and 
the presence of CD138 is associated with other markers reflecting 
plasma cell maturity (e.g., lower CD20, CD45 or surface Ig expression), 
when compared to CD138− plasma cells [110]. In mice, CD138 provides 
survival advantages for plasma cells by enhancing the utilization of 
pro-survival cytokines like IL-6 and APRIL [113]. Human CD138 has 
presumably similar functions, but also participates in cellular adhesion 
and migration (reviewed in [114]). 

Fig. 1. Steady-state plasma cell niche. 
Stromal cells in bone marrow, spleen or 
other secondary lymphoid organs can from 
a long-term niche for plasma cells by 
providing integrins like VCAM and ICAM as 
ankers and cytokines like CXCL12. Addi
tional support cells that may leave and 
rejoin the niche environment produce pro- 
survival factors for plasma cells like IL-6, 
BAFF and APRIL (input arrow). In turn, 
plasma cells facilitate long-term secretion of 
antibodies and cytokines (output arrow).   
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CD19 or CD138 alone or in combination are widely used to describe 
subtypes of plasma cells based on their maturity [7,109,115]. Stratifi
cation of bone marrow plasma cells using CD19 and CD138 revealed 
long-term antibody specificity against tetanus and measles only in 
CD19− CD138+ plasma cells, while CD19+CD138+ plasma cells con
tained influenza-specific cells and tetanus-specific cells just after a 
recent vaccination [115]. A study on CD27+CD38+ plasma cells in the 
duodenum used CD19 and CD45 to divide plasma cells into early 
(CD19+CD45+), intermediate (CD19− CD45+) and late (CD19− CD45− ) 
stages. In line with their long lifespan, the frequency of late stage plasma 
cells increase with age within the duodenum whereas they were barely 
detectable at those sides in individuals younger than 20 years. Radio
active carbon (14C) dating indicated a median lifespan of late stage 
plasma cells of 22 years and high expression of CD28, CD56 and Bcl2 in 
this subset [7]. 

On the contrary, a study investigating vaccine-specific plasma cells 
found that CD19+ plasma cells contain cells specific for the eradicated 
vaccinia/smallpox virus [116]. Furthermore, circulating CD19− and 
CD19+ plasma cells survived equally well in vitro. Those findings suggest 
that both subsets may have equal long-lived potential, and that it might 
be challenging to predict plasma cell survival based on CD19 expression 
[117,118]. 

4.2. A novel composite maturity index 

Recently, we proposed a new methodology of assessing plasma cell 
maturity by combining four markers that were previously suggested to 
be regulated dependent on the maturity of plasma cells: CD19, HLA-DR, 
CD138 and CD28 [7,9,109,115]. To avoid a strict positive/negative 
cut-off approach, a continuous expression spectrum of those four 
markers by plasma cells was mapped by utilizing median fluorescence 
intensity values obtained by flow cytometry. Maturity ranks were 
assigned for the four markers individually and for each sample relative 
to the expression spectrum in the whole test cohort. By calculating the 
mean of those maturity ranks, a single plasma cell maturity-dependent 
value termed ‘maturity index’ was obtained [119]. Applying this novel 
approach to RNA-sequencing data of in vitro differentiating B-cells into 
plasma cells [120] showed a time-dependent increase of the maturity 
index. In a second validation attempt using a human blood plasma cell 
transcriptome dataset [75], a stepwise increase of the maturity index 
from CD19+CD138− and CD19+CD138+ to CD19− CD138+ bone 
marrow plasma cells and a lower maturity index for blood plasma cells 
was observed [119]. 

Applying the newly developed maturity index to a cohort of 
Sjögren’s disease patients revealed a correlation of the maturity of 
circulating plasma cells with pro-inflammatory CXCR3 expression on 
plasma cells but also with increased salivary gland infiltration and ANA 
titers [119]. Using this novel maturity index to assess plasma cell 
maturity in systemic ARDs might identify patient subgroups that can 
benefit from specific mature or immature plasma cell targeting ap
proaches. However, this proposed method currently uses bulk plasma 
cell metrics ignoring plasma cell heterogeneity and lacking compara
bility amongst different data sets. Therefore, a refined approach should 
take single plasma cell values into account and tackle inter-sample 
comparability along with further validation in larger study groups. 

4.3. Steady-state plasma cell niches 

Circulating but also tissue-resident plasma cells quickly die in vitro 
[121,122] despite their ability to achieve decade long lifespans in vivo 
[6,7]. The current lack of reports on plasma cell culturing techniques 
that keep plasma cells alive over month or years [118,122], suggest a 
complex mechanism of in vivo plasma cell survival that involves both 
plasma cell-intrinsic (e.g., CD138, CD28, and BCMA) and extrinsic fac
tors. These factors cooperate in so-called plasma cell niches, tissue lo
cations where plasma cells reside and survive for long time periods 

(Fig. 1). This plasma cell niche usually involves an epithelial-like cell 
that is in direct contact with the plasma cell via integrins (reviewed in 
[5,80,123]). In the bone marrow, these niche-providing cells are stromal 
cells [122,124] that express vascular cell adhesion molecule (VCAM) 
and intercellular adhesion molecule (ICAM) integrins and CXCL12 to 
induce pro-survival signals in plasma cells [121,125]. Laminin ß1+

stromal cells are important specifically for IgG plasma cell niches in the 
bone marrow as seen in a Salmonella infection model [126]. 

Another important part of plasma cell niches are additional sup
porting cells that secrete pro-survival factors for plasma cells like APRIL 
and IL-6. This function was shown for basophils [127], megakaryocytes 
[128], dendritic cells, macrophages [129] and myeloid precursor cells 
[130]. Since those cell types have high turnover rates, their support 
function is likely transient and highly redundant. Additional redun
dancy exists between APRIL and BAFF [131], but the receptor with 
highest affinity for APRIL, BCMA, is fundamental for plasma cell sur
vival while TACI and BAFF-receptor are dispensable [132]. 

Long-term plasma cell persistence and similar niche structures are 
described for lymph nodes [92], spleen [91], and mucosal tissues 
including tonsils and salivary glands [133–137]. Especially IgA plasma 
cells can persist in the long-term at mucosal sides (reviewed in [136]), 
thereby relying on mucosal specific markers like CCR9 and integrin α4ß7 
to maintain their localization [138]. Healthy murine skin is another 
example of an alternative plasma cell niche hosting IgM+ plasma cells, 
but with yet unclear lifespan of those cells [139]. 

Though both intrinsic and extrinsic factors described above are 
required for survival of plasma cells, it is still unclear whether and how 
intrinsic factors for long-term survival are imprinted during plasma cell 
differentiation. Long-term plasma cell survival could also be a stochastic 
process. In that case, equally generated plasma cells would die at a 
random timepoint within their potential lifespan, resulting in short- and 
long-lived plasma cells. Subsets of circulating plasma cells have similar 
survival potential in vitro and share extensive clonal overlap [118] 
indicating those cells might have comparable survival imprinting. 
Likewise, it is unclear whether the maturation state of the plasma cells 
reflected by different markers (see Section 4.1) mirrors solely the kinetic 
of plasma cell differentiation or also predicts long-lived potential. 

4.4. Induced de novo plasma cell niches in inflammation 

Besides systemic, long-term secretion of protective antibodies, 
plasma cells also provide acute local immune protection at sites of 
inflammation. Local secretion of CXCL12 can attract CXCR4+ plasma 
cells to inflamed tissues to provide on-site antibody production [96,140, 
141]. Plasma cells can also upregulate CXCR3, presumably in response 
to interferon γ [142] that enables their homing towards CXCL9–11, 
chemokines frequently expressed in inflamed tissue [143]. As a conse
quence, CXCR3+ plasma cells are often described in inflammatory and 
autoimmune settings like infected skin [139], colitis [144], nephrotic 
kidneys [140] and arthritic synovium [145]. 

In addition to homing of plasma cells to sites of inflammation, 
several observations indicate the presence of long-lived plasma cells in 
inflamed tissues in de novo generated plasma cell niches, like clustered 
plasma cells in kidneys of SLE patients [146]. While salivary glands 
harbor IgA-specific cells as part of the healthy mucosal immune system 
[136,147], chronic autoimmune conditions like SjD shift the plasma cell 
composition towards IgG-specific [137] and autoantigen-specific cells 
[148]. Upregulation of integrins like αEß7 [149] or laminin ß1 on sub
mandibular duct cells [150] in SjD patients indicate a possible expansion 
of plasma cell niches in this autoimmune environment. In addition, 
salivary gland epithelial cells express ICAM, VCAM and CXCL12 simi
larly to bone marrow stroma cells [151]. 

Targeting pathogenic long-lived plasma cells gives the potential of a 
long-lasting disease amelioration, but the lack of definitive maturity- 
specific markers that reflect the lifespan of plasma cells and the loca
tion of plasma cells within tissues are substantial challenges for their 
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effective depletion. Therefore, a detailed characterization of plasma 
cells in individual patients might be required, to target the most path
ogenic plasma cell populations while sparing as many protective plasma 
cells as possible. 

5. What? - Disease specific properties of plasma cells in systemic 
ARDs 

Systemic ARDs like SLE and SjD share broad alterations of the im
mune system including B-cell hyperactivity [87,152–155]. A prominent 
consequence of this B-cell hyperactivity is the general increase in 
circulating antibody levels (hypergammaglobulinemia) [156–158], 
serum free light chains [159,160] and high titers of various autoanti
bodies that may overlap between the diseases. Another feature reflecting 
systemic inflammation is an interferon signature, which is commonly 
observed in systemic ARDs in association with B-cell hyperactivity [21, 
161,162]. Therefore, B-cell targeting therapies have been extensively 
studied in SLE and SjD. 

SLE displays frequent inflammation of the skin and kidneys of pa
tients, but many organs can be involved as well. The spectrum of disease 
manifestations is heterogeneous and the disease burden can range from 
mild to severe and switch between remission and flares with lupus 
nephritis among the most severe complications affecting a large group of 
patients (overviewed in [163–165]). SjD presents with characteristic 
inflammation of salivary and lacrimal glands including lymphocytic 
infiltration and organ damage that result in impaired tear and saliva 
production and the typical dryness symptoms [87]. Lymphocytic in
filtrations in the glandular tissue, resulting in ectopic lymphoid tissues 
with germinal centers, a plasma cell isotype shift [166], B-cell driven 
hyperplasia of the epithelium (so-called lymphoepithelial lesions) [167] 
and an increased risk of B-cell lymphoma development, primarily of the 
MALT type, are histopathological hallmarks of the affected glands in SjD 
[168,169]. 

To date, treatment options for SLE and SjD are limited. In the case of 
severe organ manifestations, physicians rely on broad immunosup
pression with traditional DMARDs (disease-modifying antirheumatic 
drugs) or rituximab, with variable efficacy. Although recently two tar
geted DMARDs have been approved for SLE, no DMARDs have been 
approved for SjD [170,171]. Plasma cell depletion approaches might 
open up novel treatment paths in both diseases. Hence we focus on 
plasma cell related similarities and differences in SLE and SjD that could 
be utilized for targeting. 

5.1. Plasma cell related similarities between SLE and SjD 

Multiple autoantibodies have been described in SLE and SjD patients 
with various ANAs, including anti-dsDNA, rheumatoid factor (RF), anti- 
SSA/Ro and anti-SSB/La antibodies (reviewed in [172,173]). Many of 
these antibodies can be present years before clinical symptom onset and 
diagnosis [174–176]. Anti-dsDNA and anti-Smith antibodies are thereby 
more specific for SLE, while SjD patients are frequently positive for 
anti-SSA and, to a lower extent, anti-SSB, rheumatoid factor or 
anti-muscarinic receptor antibodies [172,173]. Anti-dsDNA antibodies 
are considered pathogenic in SLE, while this is unclearly for other ANAs 
(reviewed in [177,178]). Animal studies indicate that anti-dsDNA an
tibodies can bind directly to mouse kidney glomeruli, and that mono
clonal anti-dsDNA antibodies cause lupus nephritis [179]. In human 
disease, increases in anti-dsDNA antibodies frequently precede a disease 
flare [180–182]. For SjD, animal experiments indicate pathogenic 
properties of serum IgG from SjD patients by decreasing saliva produc
tion when injected into NOD.Igµnull mice [183] and mice immunized 
with Ro/SSA-antigen show reduced saliva secretion [184]. In SjD pa
tients, anti-Ro/SSA antibodies are indeed associated with impaired 
glandular functions [173]. 

SLE and SjD display overlapping B-cell alterations that influence 
plasma cell generation. B-cells from patients with SLE and SjD have 

lower activation thresholds and express increased levels of the DNA- 
sensing receptor TLR9 [185,186], enhancing their potential to form 
plasma cells, likely by extrafollicular reactions [187]. Since the most 
common autoantigens (e.g., ribonucleoproteins like SSA/Ro) in SLE and 
SjD can trigger the B-cell receptor and TLRs simultaneously [177], IgG 
isotype switching can also take place independent from T-cells [188]. 
Furthermore, CD27− IgD− CD11c+ double negative (DN2) B-cells are 
frequently involved in extrafollicular reactions and commonly increased 
in SLE and SjD and show higher TLR7 signaling [23,189,190]. DN2 
B-cells are described as direct plasma cell precursor cells in healthy in
dividuals as well as SLE patients [38,191,192]. In addition, ectopic 
lymphoid structures are also present in inflammatory environments like 
SLE kidneys and SjD salivary glands with fully organized germinal 
centers including B- and TFH-cells, FDCs and AID expression (over
viewed in [193,194]). TFH-cells are significantly increased in blood and 
target tissue of patients with SLE and SjD likely supporting elevated 
germinal center activity and plasma cell output [43,195–197]. However, 
peripheral helper TPH-cell frequencies (as the extrafollicular counter
parts of TFH-cells) and their different subtypes also correlate with plasma 
cells in SLE and SjD [43,46,47,198]. 

Taken together, a main question remains if autoantibodies primarily 
originate from extrafollicular or germinal center responses or both, as 
this might influence the lifespan of the corresponding plasma cells, and 
if both responses play different roles in systemic ARDs. An additional 
open question is whether tissue plasma cells immigrated from blood or 
differentiate locally either via extrafollicular or germinal center 
pathways. 

5.2. Plasma cell abnormalities in SLE 

5.2.1. Circulating plasma cells in SLE 
The frequencies of total blood plasma cells (plasmablasts and long- 

lived plasma cells) in SLE patients correlate with disease activity [93, 
94,199]. An altered plasma cell transcriptome associates especially with 
musculoskeletal and renal disease [200]. ANA-reactive plasma cells are 
also expanded in the blood of many SLE patients, in a relatively stable 
frequency [201]. The total plasma cell population in SLE blood samples 
shows an altered phenotype, compared to healthy individuals, that in
cludes increased expression of HLA-DR [202] and CD38 [203]. Abun
dance of newly generated HLA-DRhighCD27high cells, likely representing 
plasmablasts, correlates to disease activity and anti-dsDNA antibody 
titers [202], indicating that plasma cell formation is an ongoing process. 
Treatment of SLE patients with the anti-CD20 antibody rituximab (with 
or without additional belimumab) decreased anti-dsDNA titers [178]. 
Since CD20 is expressed on plasmablasts, this argues for plasmablasts as 
a major population secreting anti-dsDNA autoantibodies. In addition, 
class-switched plasmablasts show low mutation rates [204] and 
increased TLR9 expression [205] in active SLE patients suggesting they 
might originate form extrafollicular activation. 

5.2.2. Renal plasma cells in SLE 
Renal involvement and nephritis are common and serious conditions 

in SLE [164]. While circulating autoantibodies can bind to exposed 
chromatin in kidney glomeruli [179], local infiltration of immune cells 
including plasma cells are commonly described in SLE patients [146, 
206]. Numbers of plasma cells in blood and kidney are higher in SLE 
patients with severe nephritis, compared to patients without nephritis 
[94]. A tissue transcriptome study in SLE patients reported kidney 
plasma cells to resemble a phenotype similar to long-lived bone marrow 
plasma cells after induction of standard treatment while untreated pa
tients showed mainly plasma cells with genes upregulated in short-lived 
plasma cells [207]. This might suggest an impact of treatment on B-cell 
to plasma cell maturation that diminishes ongoing generation of plas
mablasts while already generated plasma cells might continue to 
mature. These long-lived renal plasma cells might contribute to relapse 
of nephritis in some patients. However, an animal study using adoptive 
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transfer of long-lived plasma cells into lymphocyte deficient mice 
(Rag1− /− ) showed preferential homing of those cells to the bone marrow 
and spleen niches, with onset of nephritis with immune complexes and 
reduced survival after 20 weeks post transfer [208]. This indicates that 
the presence of plasma cells is not required for kidney malfunctioning, 
and that pathogenic plasma cells can be located outside the kidney. This 
is in line with findings of the accelerating medicines partnership (AMP) 
study, where no in situ differentiation of plasma cells in the kidneys of 
lupus nephritis patients was found [209]. 

5.3. Plasma cell abnormalities in SjD 

5.3.1. Circulating plasma cells in SjD 
We and others have shown that SjD patients have increased fre

quencies of plasma cells in peripheral blood, that might be associated 
with presence of anti-Ro/SSA antibody [210], lymphocytic salivary 
gland infiltrations (focus score) [95,119,210] or presence of lymphoe
pithelial lesions [119]. TFH-cell numbers in blood [211] and salivary 
glands [197] are elevated in SjD patients. This might explain higher 
plasma cell frequencies, since T-cells from SjD patients also show 
increased capabilities to induce a plasma cell phenotype when cultured 
with B-cells [212]. Circulating plasma cells in SjD patients also display a 
more mature CD19-negative phenotype [95,119] that remains stable 
even after an immune stimulus like a vaccination [22]. Since rituximab 
only moderately lowers anti-SSA serum levels [213–215], the majority 
of those antibodies might either originate from long-lived plasma cells or 
rituximab-resistant plasmablasts in tissues (see Section 6). 

5.3.2. Glandular plasma cells in SjD 
SjD is a systemic condition, but the salivary glands are the main in

flammatory hotspot. Plasma cells are part of normal mucosal immunity 
in salivary glands [136], but in SjD patients the isotype composition 
change from IgA dominance towards a higher frequency of IgG plasma 
cells [96,137], called plasma cell shift [166,216]. These IgG plasma cells 
are either the result of infiltration [217], local generation, likely in as
sociation with the amount of lymphocytic infiltrates or both [96,217]. 
Local production of autoantibodies against SSA/Ro and SSB/La antigens 
was shown for all Ig isotypes [148]. A notion that plasma cells in the 
salivary gland of SjD patients are located in the vicinity of CXCL12- and 
IL-6-producing cells might indicate the formation of de novo plasma cell 
niches in SjD [96] either additional to the physiologic IgA plasma cell 
niche or in competition with it. An animal model of SjD suggests the 
accumulation of long-lived, none-dividing plasma cells in salivary 
glands of NOD.B10.H2b mice during the progression of the disease 
[218], further indicating the potential development of survival niches in 
salivary glands. 

5.3.3. B- and plasma cell derailment in SjD 
A prominent result of B-cell hyperactivity in SjD is lymphoma 

development, especially of the MALT type (reviewed in [168]). High 
focus scores and rheumatoid factor (reviewed in [162]) but also 
monoclonal gammopathy of undetermined significance (MGUS) are risk 
factors for developing lymphoma [169,219]. Although MGUS is rare in 
SjD with a prevalence of 1.5% [220], SjD elevates the risk for its 
development [221]. Additionally, MGUS is considered as a potential 
precursor of multiple myeloma (MM) and SjD patients with MGUS show 
indeed a higher risk for MM development [219]. In general, SjD patient 
have a higher risk to develop MM [221,222] that further increases for 
patients positive for anti-SSA/Ro and anti-SSB/La antibodies [222]. 
Increased MM development might be an additional indicator of patho
genic, plasma cell-intrinsic abnormalities in SjD. 

6. What to do? - Options for plasma cell targeting 

Multiple therapeutic strategies directed at B-cells have been 
approved or are currently under evaluation for the treatment of systemic 

ARDs. B-cell-targeted therapies can also affect the plasma cell 
compartment (particularly plasmablasts), by depletion of plasma cell 
precursors (e.g., rituximab – anti-CD20), inhibition of plasma cell dif
ferentiation (e.g., belimumab - anti-BAFF, atacicept - anti-BAFF/APRIL), 
or both (e.g., ianalumab - anti-BAFF-receptor). These therapies gener
ally do not affect long-lived plasma cells, as shown for rituximab [223, 
224], which could partially explain the low rates of efficacy for most of 
the B-cell-targeted therapies in SLE and SjD. Direct inhibition of 
(autoreactive) plasma cells might be an alternative therapeutic 
approach to attenuate disease (Fig. 2), in particular in patients with 
refractory disease after B-cell-targeting treatment. However, the design 
of plasma cell-targeted therapies has been challenging. Here, we outline 
different promises and pitfalls of possible approaches. 

6.1. Proteasome inhibition 

Newly produced proteins in plasma cells need to be folded correctly 
in the ER and misfolded proteins are degraded by the ubiquitin- 
proteasome pathway. Regulatory proteins, including cell cycle regula
tors, are also degraded via this pathway and proteasome inhibition 
consequently leads to the accumulation of cell cycle regulatory proteins 
causing higher sensitivity to apoptosis. Proteasome inhibition also 
blocks NFκB signaling (reviewed in [225]), but NFκB activation is an 
important pathway for long-term plasma cell survival [121]. 

The first generation proteasome inhibitor bortezomib shows pro
found reduction of anti-dsDNA antibodies and total plasma cells by half 
in SLE patients. At the same time, protective vaccine-specific and total 
immunoglobulin levels in the serum were reduced by 25–30% [226, 
227]. Additionally, proteasome inhibition lacks plasma cell specificity, 
resulting in side effects. Bortezomib treatment, for example, increases 
the risk of neuropathy and cardiovascular events [228]. Although there 
are a couple of case reports on successful use of bortezomib in SLE and 
SjD patients [226,229], its safety profile seems unfavorable for wide 
application in patients with systemic ARDs. 

6.2. Therapeutic antibodies 

While conventional B-cell markers, such as CD19 and CD20, are 
downregulated at different stages of plasma cell maturation, other sur
face markers are upregulated [7,109]. These upregulated cell surface 
markers can be used for plasma cell depletion using therapeutic mono
clonal antibodies. Examples of such therapeutic antibodies that have 
been used to target plasma cells, mostly in the context of multiple 
myeloma, are anti-CD38 (e.g., daratumumab [230]), anti-SlamF7 (elo
tuzmumab [231]) and anti-BCMA (e.g., belantamab [232]). Especially 
CD38 and SlamF7 are not selectively expressed by plasma cells, which 
could result in both advantages and disadvantages for the treatment of 
systemic ARDs. SlamF7 is also expressed by activated, naïve B-cells and 
DN2 B-cells as shown in SLE patients [23], and targeting these cells 
along with plasma cells may be beneficial. However, simultaneous tar
geting of other CD38- or SlamF7-positive immune cells may be less 
desirable (e.g., regulatory B- and T-cells in the case of anti-CD38 [230] 
and natural killer cells in the case of anti-SlamF7 [233,234]). BCMA 
expression is more specific to plasma cells than CD38 or SlamF7 and has 
been applied in the field of MM as antibody-drug conjugate, together 
with a cytotoxic agent (monomethyl auristatin F) [232], or as part of an 
anti-BCMA/CD3 bispecific antibody that directly engages T-cells to 
stimulate killing of neoplastic plasma cells [235]. Since BCMA targeting 
focuses more on long-lived plasma cells due to its expression pattern, it 
has to be clarified whether pathogenic plasma cells originating from 
sources like extrafollicular responses, with potentially shorter lifespans, 
are sufficiently addressed by this approach in different systemic ARDs. 

So far, clinical response on daratumumab treatment has been shown 
in cases of SLE patients mostly with refractory, life-threatening disease 
and treatment was well-tolerated [203,236], although anti-tetanus and 
total IgG antibodies were additionally reduced [203]. Daratumumab 
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efficiently depletes none-neoplastic plasma cells below detectable fre
quencies in MM patients [237]. Broad depletion implicates potential 
risks for patients with systemic ARDs, due to higher susceptibility to 
infections if also protective plasma cells are depleted. 

6.3. CAR-T-cell therapy 

Chimeric antigen receptor T-cell (CAR-T) therapy has shown great 
potential for the treatment of various malignancies. The working 
mechanism of CAR-T therapy include genetic modification of a patient’s 
CD8+ T-cells to express a modified antibody molecule as surface re
ceptor (hence chimeric antigen receptor), which enables attachment to 
and killing of the target cell. An example of a plasma cell-specific antigen 
that has been used in CAR-T therapy for MM is BCMA [238], yielding 
almost complete depletion of plasma cells [239] and herewith a severe 
reduction of serum immunoglobulins in case reports [240]. In addition 
to the field of oncology, CAR-T therapy is also increasingly used in other 
diseases, including systemic ARDs. Anti-CD19 CAR-T-cell treatment of 
patients with refractory SLE resulted in drug-free remission with 
disappearance of B-cells from peripheral blood, improvement of clinical 
symptoms and normalization of serological parameters including con
version of anti-dsDNA and anti-Smith antibodies levels below detection 
limits [241]. The safety profile also seems favorable with only a mild 
cytokine-release syndrome in some of the treated patients. Another 
study using anti-CD19 CAR-T-cells reported efficient depletion of bone 
marrow plasma cells in children but not in adults [242]. Provided that 
plasma cells in children might not have had enough time to fully mature 
yet, this CD19 CAR-T-cell study would imply that mature plasma cells 
are spared from deletion. Therefore, anti-CD19 CAR-T-cell therapy 
might be a promising and effective approach for systemic ARDs with a 
dominant plasmablast and extrafollicular plasma cell component, but 
might have limited effects on diseases with higher contribution from 
long-lived (bone marrow) plasma cells. Also, high costs might restrain 
broad application of CAR-T therapy in patients with systemic ARDs. 

6.4. Antigen specific targeting 

To prevent depletion of protective plasma cells, an ideal strategy for 
autoimmune diseases would be a selective depletion of plasma cells 
based on their antigen specificity. Although such therapies have not yet 
been tested in humans, plasma cell depletion in an ovalbumin (OVA)- 
vaccinated mouse model using OVA-conjugated anti-CD138 antibodies 
resulted in a specific depletion of the majority of OVA-specific bone 
marrow plasma cells [243]. In principle, this anti-CD138/OVA conju
gate binds to all plasma cells that express the respective CD138 marker, 
but only plasma cells that secrete OVA-specific antibodies opsonize their 
own cell surface. Following this, OVA-specific plasma cells are depleted 
by mechanisms similar to the use of therapeutic antibodies [244]. 
Whether antigen-specific plasma cell targeting can be applied in humans 
remains to be shown. 

7. Perspectives 

Plasma cells have been receiving increased attention over the last 
years as potential contributors to systemic ARDs with more reports 
covering plasma cell specific research questions. However, plasma cells 
can differ in lifespan and surface marker expression. Their decade-long 
survival potential and specialized tissue environments are beneficial 
traits for protective plasma cells but also raise the bar for efficient 
plasma cell depletion. Varying plasma cell lifespans and associated 
marker expression might require adapted targeting strategies potentially 
differing among systemic ARDs. Advances in oncology, especially in the 
treatment of multiple myeloma, have generated a broad toolbox of po
tential plasma cell treatments that are starting to be utilized in the field 
of systemic ARDs. Future studies on disease- and patient-specific plasma 
cell characteristics could open up additional and effective treatment 
options for patients that do not benefit from current treatment schemes. 

Fig. 2. Approved drugs with plasma cell- 
targeting potential. Overview of targetable 
proteins with decreasing (CD19, CD20, 
BAFF-receptor; green background) or 
increasing expression (BCMA, SlamF7; red 
background) during plasma cell maturation 
or present on all plasma cells (CD38, TACI, 
Proteasome; yellow background). Corre
sponding treatment options with clinically- 
approved therapeutics that have potential 
for targeting of plasma cells in systemic 
autoimmune rheumatic diseases are indi
cated. Monoclonal antibodies mediate 
antibody-dependent or complement- 
dependent cytotoxicity, CAR-T-cells 
directly deplete target cells, while protea
some inhibitors and APRIL/BAFF blockade 
interfere with survival signals.   

T.D. Steinmetz et al.                                                                                                                                                                                                                            



Immunology Letters 260 (2023) 44–57

51

Declaration of Competing Interest 

G. M. Verstappen and F.G.M. Kroese are consultants for ArgenX. T.D. 
Steinmetz and J. Suurmond have no conflict of interest to declare. 

Acknowledgements 

This work is funded by a grant from the German Research Founda
tion (Deutsche Forschungsgemeinschaft, DFG) – project number 
456067883 to TDS. This publication is part of project number 
09150162010166 of the Veni research program to GMV, which is 
financed by the Dutch Research Council (NWO). JS received funding 
from the Leiden University Medical Center (internal MSCA Seal-of- 
Excellence 2020 regulation). Several authors of this publication are 
members of the European Reference Network ERN ReCONNET. 

References 

[1] D.R. Fooksman, T.A. Schwickert, G.D. Victora, M.L. Dustin, M.C. Nussenzweig, 
D. Skokos, Development and migration of plasma cells in the mouse lymph node, 
Immunity 33 (2010) 118–127, https://doi.org/10.1016/j.immuni.2010.06.015. 

[2] B.T. Gaudette, D. Allman, Biochemical coordination of plasma cell genesis, 
Immunol. Rev. 303 (2021) 52–61, https://doi.org/10.1111/imr.12992. 

[3] G.K. Manakkat Vijay, H. Singh, Cell fate dynamics and genomic programming of 
plasma cell precursors, Immunol. Rev. 303 (2021) 62–71, https://doi.org/ 
10.1111/imr.13010. 

[4] S. Trezise, S.L. Nutt, The gene regulatory network controlling plasma cell 
function, Immunol. Rev. 303 (2021) 23–34, https://doi.org/10.1111/imr.12988. 

[5] S.L. Nutt, P.D. Hodgkin, D.M. Tarlinton, L.M. Corcoran, The generation of 
antibody-secreting plasma cells, Nat. Rev. Immunol. 15 (2015) 160–171, https:// 
doi.org/10.1038/nri3795. 

[6] E. Hammarlund, A. Thomas, I.J. Amanna, L.A. Holden, O.D. Slayden, B. Park, 
L. Gao, M.K. Slifka, Plasma cell survival in the absence of B cell memory, Nat. 
Commun. 8 (2017) 1781, https://doi.org/10.1038/s41467-017-01901-w. 

[7] O.J.B. Landsverk, O. Snir, R.B. Casado, L. Richter, J.E. Mold, P. Réu, 
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R. Schulz, S.R. Schulz, C. Scottá, D. Scott-Algara, D.P. Sester, T.V. Shankey, 
B. Silva-Santos, A.K. Simon, K.M. Sitnik, S. Sozzani, D.E. Speiser, J. Spidlen, 
A. Stahlberg, A.M. Stall, N. Stanley, R. Stark, C. Stehle, T. Steinmetz, 
H. Stockinger, Y. Takahama, K. Takeda, L. Tan, A. Tárnok, G. Tiegs, G. Toldi, 
J. Tornack, E. Traggiai, M. Trebak, T.I.M. Tree, J. Trotter, J. Trowsdale, 
M. Tsoumakidou, H. Ulrich, S. Urbanczyk, W. Veen, M. Broek, E. Pol, S. Van 
Gassen, G. Van Isterdael, R.A.W. Lier, M. Veldhoen, S. Vento-Asturias, P. Vieira, 
D. Voehringer, H. Volk, A. Borstel, K. Volkmann, A. Waisman, R.V. Walker, P. 
K. Wallace, S.A. Wang, X.M. Wang, M.D. Ward, K.A. Ward-Hartstonge, 
K. Warnatz, G. Warnes, S. Warth, C. Waskow, J.V. Watson, C. Watzl, L. Wegener, 
T. Weisenburger, A. Wiedemann, J. Wienands, A. Wilharm, R.J. Wilkinson, 
G. Willimsky, J.B. Wing, R. Winkelmann, T.H. Winkler, O.F. Wirz, A. Wong, 
P. Wurst, J.H.M. Yang, J. Yang, M. Yazdanbakhsh, L. Yu, A. Yue, H. Zhang, 
Y. Zhao, S.M. Ziegler, C. Zielinski, J. Zimmermann, A. Zychlinsky, Guidelines for 
the use of flow cytometry and cell sorting in immunological studies (second 
edition), Eur. J. Immunol. 49 (2019) 1457–1973, https://doi.org/10.1002/ 
eji.201970107. 

[113] M.J. McCarron, P.W. Park, D.R. Fooksman, CD138 mediates selection of mature 
plasma cells by regulating their survival, Blood 129 (2017) 2749–2759, https:// 
doi.org/10.1182/blood-2017-01-761643. 

[114] R. Gharbaran, Advances in the molecular functions of syndecan-1 (SDC1/CD138) 
in the pathogenesis of malignancies, Crit. Rev. Oncol. Hematol. 94 (2015) 1–17, 
https://doi.org/10.1016/j.critrevonc.2014.12.003. 

[115] J.L. Halliley, C.M. Tipton, J. Liesveld, A.F. Rosenberg, J. Darce, I.V. Gregoretti, 
L. Popova, D. Kaminiski, C.F. Fucile, I. Albizua, S. Kyu, K.Y. Chiang, K.T. Bradley, 
R. Burack, M. Slifka, E. Hammarlund, H. Wu, L. Zhao, E.E. Walsh, A.R. Falsey, T. 
D. Randall, W.C. Cheung, I. Sanz, F.E.-H. Lee, Long-lived plasma cells are 
contained within the CD19− CD38hiCD138+ subset in human bone marrow, 
Immunity 43 (2015) 132–145, https://doi.org/10.1016/j.immuni.2015.06.016. 

[116] S.F. Brynjolfsson, M. Mohaddes, J. Kärrholm, M.J. Wick, Long-lived plasma cells 
in human bone marrow can be either CD19+ or CD19–, Blood Adv. 1 (2017) 
835–838, https://doi.org/10.1182/bloodadvances.2017004481. 

[117] S.S. Mujtahedi, F. Yigitbilek, X. Benavides, M.A. Merzkani, E. Ozdogan, 
O. Abozied, N.A. Moore, W.D. Park, M.D. Stegall, Bone marrow derived long-lived 
plasma cell phenotypes are heterogeneous and can change in culture, Transpl. 
Immunol. (2022), 101726, https://doi.org/10.1016/j.trim.2022.101726. 

[118] S. Garimalla, D.C. Nguyen, J.L. Halliley, C. Tipton, A.F. Rosenberg, C.F. Fucile, C. 
L. Saney, S. Kyu, D. Kaminski, Y. Qian, R.H. Scheuermann, G. Gibson, I. Sanz, F. 
E.-H. Lee, Differential transcriptome and development of human peripheral 
plasma cell subsets, JCI Insight 4 (2019), https://doi.org/10.1172/jci. 
insight.126732. 

[119] T.D. Steinmetz, G.M. Verstappen, S.R. Schulz, L. de Wolff, R. Wilbrink, A. Visser, 
J. Terpstra, H. Bootsma, F.G.M. Kroese, Maturity of circulating antibody-secreting 
cells is associated with disease features in primary Sjögren’s syndrome, Arthritis 
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[133] A. Pascual-Reguant, R. Köhler, R. Mothes, S. Bauherr, D.C. Hernández, R. Uecker, 
K. Holzwarth, K. Kotsch, M. Seidl, L. Philipsen, W. Müller, C. Romagnani, 
R. Niesner, A.E. Hauser, Multiplexed histology analyses for the phenotypic and 
spatial characterization of human innate lymphoid cells, Nat. Commun. 12 (2021) 
1737, https://doi.org/10.1038/s41467-021-21994-8. 

[134] B. Huard, T. McKee, C. Bosshard, S. Durual, T. Matthes, S. Myit, O. Donze, 
C. Frossard, C. Chizzolini, C. Favre, R. Zubler, J.P. Guyot, P. Schneider, 
E. Roosnek, APRIL secreted by neutrophils binds to heparan sulfate proteoglycans 
to create plasma cell niches in human mucosa, J. Clin. Invest. 118 (2008) 
2887–2895, https://doi.org/10.1172/JCI33760. 

[135] J.M. van Laar, M. Melchers, Y.K.O. Teng, B. van der Zouwen, R. Mohammadi, 
R. Fischer, L. Margolis, W. Fitzgerald, J.C. Grivel, F.C. Breedveld, P.E. Lipsky, A. 
C. Grammer, Sustained secretion of immunoglobulin by long-lived human tonsil 
plasma cells, Am. J. Pathol. 171 (2007) 917–927, https://doi.org/10.2353/ 
ajpath.2007.070005. 

[136] B. Isho, A. Florescu, A.A. Wang, J.L. Gommerman, Fantastic IgA plasma cells and 
where to find them, Immunol. Rev. 303 (2021) 119–137, https://doi.org/ 
10.1111/imr.12980. 

[137] P.M. Speight, A. Cruchley, D.M. Williams, Quantification of plasma cells in labial 
salivary glands: increased expression of IgM in Sjogren’s syndrome, J. Oral 
Pathol. Med. 19 (1990) 126–130, https://doi.org/10.1111/j.1600-0714.1990. 
tb00810.x. 

[138] J. Wittner, S.R. Schulz, T.D. Steinmetz, J. Berges, M. Hauke, W.M. Channell, A. 
F. Cunningham, A.E. Hauser, A. Hutloff, D. Mielenz, H.M. Jäck, W. Schuh, 
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according to serological profiles, J. Autoimmun. 39 (2012) 15–26, https://doi. 
org/10.1016/j.jaut.2012.03.001. 

[174] M.R. Arbuckle, M.T. McClain, M.V. Rubertone, R.H. Scofield, G.J. Dennis, J. 
A. James, J.B. Harley, Development of autoantibodies before the clinical onset of 
systemic lupus erythematosus, N. Engl. J. Med. 349 (2003) 1526–1533, https:// 
doi.org/10.1056/NEJMoa021933. 
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syndrome successfully treated with bortezomib, JCR J. Clin. Rheumatol. 21 
(2015) 31–32, https://doi.org/10.1097/RHU.0000000000000210. 

[230] N.W.C.J. van de Donk, P.G. Richardson, F. Malavasi, CD38 antibodies in multiple 
myeloma: back to the future, Blood 131 (2018) 13–29, https://doi.org/10.1182/ 
blood-2017-06-740944. 

[231] S. Lonial, M. Dimopoulos, A. Palumbo, D. White, S. Grosicki, I. Spicka, A. Walter- 
Croneck, P. Moreau, M.V. Mateos, H. Magen, A. Belch, D. Reece, M. Beksac, 
A. Spencer, H. Oakervee, R.Z. Orlowski, M. Taniwaki, C. Röllig, H. Einsele, K. 
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