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Editorial on the Research Topic

New Insights Into B Cell Subsets in Health and Disease

B cells play a pivotal role in both humoral and cell-mediated immune responses. The B cell
population is made up of different B cell subsets depending on their developmental or proliferation
status, location and function. B cells produce “natural” antibodies as part of innate immunity, but
also generate antigen-specific immunity during adaptive immune responses. B cell development
starts in the bone marrow from hematopoietic stem cells. Precursor B cells then enter the circulation
as transitional B cells and further mature into naive B cells. After antigen recognition, naive B cells
become activated and either develop into short-lived plasma cells secreting antigen-specific
antibody, or enter a germinal center (GC) reaction where antigen binding is further optimized
by hypermutation of the immunoglobulin genes and affinity maturation. The GC reaction occurs in
secondary lymphoid tissue and leads to the generation of high affinity, long-lived, antibody-
secreting and memory B cells. Antibody effector functions can be modified by isotype switching.

An increasing number of different B cell subsets have been described in recent years in relation to
different pathologies such as autoimmunity, immune deficiencies and cancer. Innovative
technologies are now available that enable in-depth studies in B cells. This has resulted in a
complex maze of human B cell subsets with different identifying markers and functions. Therefore,
the goal of this Research Topic was to highlight these recent exciting studies of B cell subsets and
their role in health and disease. The contributions received for this Research Topic consisted of
high-quality research papers and detailed overview papers that covered four main areas: (1) newly-
identified B cell subsets, (2) mechanisms of B cell biology and pathology, (3) vaccination response
and (4) B cell metabolism.
NEWLY-IDENTIFIED B CELL SUBSETS

Studies analyzing novel B cell subsets using deep phenotyping and single-cell transcriptomics are an
important section of this Research Topic. Unraveling the phenotype and function of different B cell
subsets is crucial to understand complex B cell biology and its involvement in multifactorial
pathologies in order to develop disease treatment strategies. In three original publications, deep
org February 2022 | Volume 13 | Article 85488915
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phenotyping was used to study novel B cell subsets that were
originally linked with aging and are now studied more widely in
multiple pathologies. Wilbrink et al. reported elevated levels of a
heterogeneous subset of CD27-CD38loCD21lo B cells in axial
spondyloarthritis (axSpA) patients by flow cytometry that were
correlated with the presence of extra-skeletal manifestations.
These findings support a possible role for B cells in the
pathogenesis of axSpA. Rincon-Arevalo et al. used mass
cytometry-based immunophenotyping to study CD11c+ B cells
in patients with systemic lupus erythematosus (SLE) and primary
Sjögren’s syndrome (pSS). They showed that elevated CD11c+ B
cells in SLE and SS are a heterogeneous subset with a distinct
expression pattern of checkpoint molecules that could indicate
their role in dysregulated immune activation in autoimmune
disease. The above mentioned B cell subsets show characteristics
of atypical memory B cells that are induced via an extrafollicular
B cell activation route.

Next to this, Ruschil et al. reported on elevated levels of
another atypical B cell subset, the IgD-CD27- double negative
(DN) B cells, also defined here as CD20lo, in several
inflammatory neurologic diseases. Interestingly, DN B cells
could be induced upon vaccination in healthy individuals,
which induced a transient clonal expansion of DN B cells
reactive against the vaccine antigen. In single-cel l
transcriptomic analysis, DN B cells did not show clear
clustering according to their gene expression profile but
clustered with naive B cells, memory B cells and plasmablasts.
These observations underlined the heterogenous nature of the
DN B cell subset, which was also demonstrated by another paper
in this Research Topic by Stewart et al. This publication brought
new insights into different subsets of DN B cells while providing
a reference single-cell dataset for total circulating B cell subsets.
Four different DN B cell clusters were identified that could be
divided into two main developmental branches: a T-independent
branch that is associated with an extrafollicular response (DN2/
3) and a T-dependent branch including precursors of classical
memory B cells (DN1/4). The newly described DN4 B cell subset
was IgE-rich and could be linked to an allergy response in one of
the included subjects.

Two studies performed a more general B cell phenotyping in
relation to different pathologies. Simon et al. demonstrated a
decrease of a DN B cell subset, namely IgD-CD27-CD38+ DN1 B
cells, in systemic sclerosis (SSc) patients with active versus
inactive disease while IgD-CD27+CD38-CD95+ activated
switched memory B cells were increased in SSc patients with
more severe disease. These B cell subset changes could reflect
their involvement in disease activity and pathology. Moreover,
differential B cell subset dynamics was indicated at different
stages following primary HIV infection by Jiménez et al., as
characterized by early B cell activation associated with antiviral
responses and later changes after sustained viral infection.

Antibody secreting cells and liver B cell subsets were reviewed
in 2 papers. Zografou et al. provided a detailed overview of the
different characteristics of short- and long-lived antibody
secreting cells and evidence for their involvement in IgG1 and
IgG4 autoantibody-mediated neurological disorders. In their
Frontiers in Immunology | www.frontiersin.org 26
review, Patel et al. gathered information on liver B cell subsets
and the contribution of B cells to the pathology of multiple liver
diseases, and critically discussed the impact of B cell depletion
therapy in the liver setting.
MECHANISMS OF B CELL BIOLOGY
AND PATHOLOGY

Five original contributions to this Research Topic focused on
mechanisms of B cell biology and pathology. Dernstedt et al.
used primary human tonsillar B cells to show that the expression
of the complement regulatory protein Decay Accelerating Factor
(DAF) is downregulated on GC B cells in order to prime them for
complement-dependent phagocytosis. Moreover, analysis of
human bone marrow samples indicated that DAF is also
regulated during B cell development with an upregulation in
the late developmental stages. Thus, this study revealed a novel
role of DAF both in GC B cell phagocytosis and B cell
development. Picón et al. showed that highly inflammatory
multiple sclerosis (MS), characterized by the presence of lipid-
specific oligoclonal IgM bands in the cerebrospinal fluid, can
counteract the effect of age in the inflammation of the adaptive
immune system. This was shown by the absence of an age-related
decrease in B and T cell numbers and an increase in anti-
cytomegalovirus antibodies in MS patients with lipid-specific
oligoclonal IgM bands compared to those without these
oligoclonal IgM bands. Another MS study, by Smets et al.,
focused on the involvement of B cell activating factor (BAFF)
in the working mechanism of fingolimod and interferon-beta
treatment for MS. Both treatments induced BAFF which
contributed to a shift in B cell subset composition towards
transitional B cells although B cell regulatory cytokines, known
to be increased in transitional B cells, were not upregulated.
These findings shed more light onto the mechanisms behind the
failure of BAFF-depleting strategies in MS treatment. In this
regard, Wiedemann et al. further elucidated the involvement of
another important B cell related molecule, the inhibitory
checkpoint molecule B- and T-lymphocyte attenuator (BTLA),
in SLE pathology. SLE B cells presented with reduced BTLA
expression and lack of inhibition during B cell differentiation
into memory B cells and plasmablasts, suggesting an intrinsically
abnormal checkpoint function of BTLA. However, inhibition of a
key downstream phosphokinase, SYK, mimicked the effects of
BTLA activity in vitro and could thus potentially overcome these
B cell disturbances in SLE. Another original contribution by Su
et al. used high-throughput sequencing of the Ig heavy chain
repertoire to study B cell involvement in membranous
nephropathy (MN), an autoimmune glomerular disease. MN
patients presented with abnormalities in CDR3 length,
hydrophobicity, somatic hypermutation and germ line index.
Importantly, several Ig heavy chain characteristics, including the
usage of specific transcripts, CDR3 length and somatic
hypermutation rate, could predict therapy efficacy, which
points to the potential use of Ig heavy chain repertoires as
theranostic biomarker for MN.
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VACCINATION RESPONSE

Vaccination-induced changes in B cell subsets and responses were
addressed in two contributions to this Research Topic. Tjiam et al.
examined the antigen-specific B cell response to tetanus toxoid
(TTd) booster vaccination using dual-TTd tetramer flow
cytometry in combination with unsupervised analysis methods.
The antigen-specific B cell response to vaccination was highly
dynamic, showing pre-vaccination antigen specificity in
IgM+CD27+ B cells followed by expansions of IgG+ plasmablasts
at 7 days, and IgG+ memory B cells at 14 days, after vaccination.
Moreover, the observed increase in TTd tetramer binding of IgG+

memory B cells post-vaccination could be predicted by frequencies
of activated (PD-1+ICOS+) circulating follicular helper T cells. The
applied workflow has potential to be used for evaluation of
vaccination outcome, a subject which was thoroughly discussed
by Diks et al. This systematic review provided a detailed overview
of factors influencing vaccine responsiveness in individuals with a
compromised immune system, including the elderly, patients with
a primary or secondary (HIV) immunodeficiency, splenectomised
individuals and individuals under immunosuppressive treatment.
The most significant predictors of vaccine efficacy were reduced
memory B cell numbers, the presence of atypical B cell subsets
(exhausted/activated) and pre-existing immunological memory.
B CELL METABOLISM

B cell metabolism was discussed in two publications. Metabolic
pathways regulating B cells were extensively reviewed by Iperi et al.
with a focus on regulatory B cells, oncogenic and autoimmune B
cell processes. They highlighted the differential involvement of
different metabolic pathways depending on B cell maturation,
functional activities, stimulatory context and microenvironment.
Huang et al. studied B cell metabolism in the context of
decompensated hepatitis B virus (HBV)-related liver cirrhosis
(D-LC), a condition that results in an increased occurrence of
infections and reduced vaccination efficacy. They showed that T-
dependent B cell responses were impaired in HBV D-LC patients,
Frontiers in Immunology | www.frontiersin.org 37
possibly due to dysfunctional energymetabolism. In vitro activated
B cells from the HBV D-LC patients demonstrated reductions in
OXPHOS and glycolysis which could cause the observed B
cell hyporesponsiveness.
CONCLUSION

In conclusion, this Research Topic provides an overview of the
involvement of different B cell subsets in normal B cell biology and
in multiple pathologies ranging from autoimmune conditions to
infectious diseases/vaccination, immunodeficiency and liver
pathology. Continued analysis of the complex heterogeneous
nature of B cell subsets and function is needed to understand
how to apply B cell-targeting therapeutic strategies in different
clinical settings.
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Double negative (DN) (CD19+CD20lowCD27-IgD-) B cells are expanded in patients with
autoimmune and infectious diseases; however their role in the humoral immune response
remains unclear. Using systematic flow cytometric analyses of peripheral blood B cell
subsets, we observed an inflated DN B cell population in patients with variety of active
inflammatory conditions: myasthenia gravis, Guillain-Barré syndrome, neuromyelitis optica
spectrum disorder, meningitis/encephalitis, and rheumatic disorders. Furthermore, we
were able to induce DN B cells in healthy subjects following vaccination against influenza
and tick borne encephalitis virus. Transcriptome analysis revealed a gene expression
profile in DN B cells that clustered with naïve B cells, memory B cells, and plasmablasts.
Immunoglobulin VH transcriptome sequencing and analysis of recombinant antibodies
revealed clonal expansion of DN B cells that were targeted against the vaccine antigen.
Our study suggests that DN B cells are expanded in multiple inflammatory neurologic
diseases and represent an inducible B cell population that responds to antigenic
stimulation, possibly through an extra-follicular maturation pathway.
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INTRODUCTION

Circulating B cell subsets are grossly classified as naïve, memory
B cells and antibody secreting B cells (plasmablasts and plasma
cells) that are generated following established maturation
pathways (1). Recently, novel B cells subsets including
activated naive B cells (2) and double negative (DN) B cells
(3) have gathered attention due to their expansion and
activation in autoimmune disorders such as systemic
lupus erythematosus.

Elevated numbers of DN B cells are found in aged individuals
(4, 5) and a heterogeneous group of inflammatory and infectious
conditions. We recently showed that CD27-IgD-CD20low double
negative (DN) B cells are elevated in the peripheral blood (PB)
of patients with active neuromyelitis optica spectrum disorder
(NMOSD) and are closely related to disease relevant aquaporin-4
specific CSF B cell clones (6). In multiple sclerosis (MS), DN B
cells have been shown to be upregulated in around 30% of MS
patients, and their expansion may be linked to immune aging (7)
or specific disease stages (4, 8, 9). Besides systemic lupus
erythematosus (SLE) (2, 10–12), peripheral blood DN B cells
have been shown to be elevated in rheumatoid arthritis (RA) (13,
14), Hashimoto’s thyreoiditis (15), and inflammatory bowel
disease (16). DN B cells are also expanded following viral
infection (17–19), bacterial sepsis (20), active malaria (21, 22),
and immunogenic tumors such as non-small cell lung
cancer (23).

In general, CD27 expression on B cells has been considered
to be a hallmark for somatically (hyper-) mutated antigen
experienced B cells (24–26). Although DN B cells do not
express CD27, this population bears signatures of antigen
experienced B cells in terms of surface phenotype,
proliferation response and patterns of somatic hypermutations
(11, 24, 27, 28). Immunoglobulin heavy chain variable region
(IGHV) gene usage of DN B cells is closely related to class-
switched CD27+ memory B cells (29). In addition, a large
portion of DN B cells show somatic hypermutations although
the mutational load is slightly lower than in class switched
memory B cells (7). The distinct expression profile of the anti-
apoptotic molecule Bcl2 and absence of ATP-binding cassette
B1 transporter (ABCB1) has been used to discriminate DN B
cells from naïve CD27- B cells (5, 27). However, DN B cells
appear to be a heterogenic B cell subset (30) and have been
suggested to represent exhausted memory B cells/senescent B
cells (31), transient effector B cells, or a unique atypical
memory-like B cells, which may be relevant for plasmablast
generation (32, 33). More recently, detailed studies in SLE
indicated that a subset of DN B cells might be derived from
an activated naïve B cell subset and further differentiate into
plasmablasts through an extra-follicular maturation
pathway (1).

The purpose of this study was two-fold: first, to enumerate the
spectrum of inflammatory and infectious disorders with
expanded DN B cell populations and second, to further
characterize the relationship of DN B cells to other B cell
subsets under defined antigenic stimulation.
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MATERIALS AND METHODS

Standard Protocol Approvals,
Registrations and Patients
All patients and subjects were recruited at the Department
of Neurology, Technische Universität München and
consented to the scientific use of their biologic samples. The
study was approved by the local ethics committee of the
Technische Universität München. Patients with the diagnoses
of inflammatory diseases including Guillain–Barré syndrome
(GBS, n = 23; all active disease stage), rheumatic diseases (n =
12; SLE, n = 3; granulomatosis with polyangiitis, n = 3;
Sjögren syndrome, n = 2; scleroderma, dermatomyositis,
antiphospholipid syndrome, each n = 1), meningitis (n = 20;
viral including herpes simplex virus, varicella-zoster virus,
enterovirus, and tick borne encephalitis virus, n = 7; unknown
virus, n = 4; bacterial including listeria, tuberculosis, spirochete,
and pneumococcus, n = 9), neuromyelitis optica spectrum
disorder (NMOSD, n = 10; active disease stage, n = 5),
Myasthenia gravis (n = 11; active disease stage, n = 7),
relapsing multiple sclerosis (RMS) and clinically isolated
syndrome (CIS) (according to 2010 McDonald criteria, CIS,
n = 8; RMS, n = 13; relapse, n = 14; no relapse, n = 7; further
details Supplementary Table S1) and controls with non-
inflammatory neurological diseases (NIND, n = 29; diagnoses:
headache, n = 13; paresthesia of unknown origin/somatoform
disorders, n = 9; idiopathic intracranial hypertension, n = 2;
others, n = 5) were recruited between 2014 and 2016. Further
patients characteristics are shown in Table 1.

For vaccination studies, subjects received scheduled
vaccinations following the German vaccination guidelines
(STIKO). Altogether, 22 subjects received a vaccination
against influenza (9 subjects Afluria 2014/2015, bioCSL; 13
subjects Afluria 2015/2016, bio CSL), 6 subjects received
vaccination against tick borne encephalitis virus (FSME-
Immun, Baxter). Because subjects for tick borne encephalitis
vaccinations had no clear history of FSME infection or
vaccination before, we decided to proceed with detailed
experiments on B cell subsets for this cohort in order to
examine a defined immunological stimulus.

Specimen Handling, Cell Staining
and Sorting of Peripheral Blood
B Cell Populations
Peripheral blood (25ml, EDTA blood) was collected from all
patients during their routine diagnostic work-up. For vaccination
experiments, blood was drawn from subjects before and at days
3, 7, and 14 after vaccination. In order to conduct several
experiments after TBE vaccination, an additional time point
for blood collection was day 9 for single subjects. Quantitative
FACS analysis of B cell subtypes was performed within 2–4 hours
(maximum 6 hours) after blood collection for all samples; for
vaccination experiments we additionally obtained peripheral
blood mononuclear cells (PBMCs, using a Ficoll gradient
protocol, stored in liquid nitrogen) and serum used at a later
time points for additional experiments.
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For flow cytometric analyses, the following antibodies were
used for all analyses: CD38 FITC (BD), IgD PE (Biozol), CD19
ECD (Beckman Coulter), CD3 PeCy7 (Beckman Coulter), CD45
VM (V450, BD), CD27 APC (BD), CD20 APC Cy7 (BD).
Accordingly, B cell subsets were defined by the following
markers: naïve B cells CD19+CD20+CD27-CD38+IgD+,
memory B cells CD19+CD20+CD27+CD38+, double negative B
cells (DN B cells) CD19+CD20lowCD27-IgD-, plasmablasts
CD19+CD20lowCD27+CD38highIgD-. FMO controls were
applied to verify gating strategy (gating strategy, including
FMO controls, is shown in Supplementary Figure S1). Cell
staining was visualized by additionally applying Image Stream
for single samples. In exemplary samples additional staining with
CD138 PeCy5.5 (BD) was applied to verify definition of
plasmablasts (Supplementary Figure S2A).

For quantification of the different B cell subsets, immediate
FACS analyses of fresh EDTA blood were performed on a CyAN
ADP (Beckman Coulter) as described previously (34). We aimed
to obtain more than 30000 events in the CD45 gate in order to be
able to sufficiently detect small populations as the DN B cells. For
whole transcriptome and targeted transcriptome analyses,
collected PBMCs from vaccinations were thawed at 37°C
(viability check, >80%), washed in phosphate buffered saline
(PBS) containing 2% FCS and incubated with the
aforementioned antibodies (40 min at 4°C). After another
washing step, B cell subtypes were bulk sorted on a
FACSAriaIII (BD bioscience) and collected in PBS directly
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followed by a RNA extraction step (Qiagen RNeasy Plus Micro
Kit, manufacturer’s instructions, RNA stored at -80°C). For
cloning of recombinant antibodies, single DN B cells and
plasmablasts were sorted into 96 well plates on a FACSAriaIII
(BD bioscience) and further processed as described below. For
each sorting experiment, we re-adjusted the compensation by
staining a small fraction of cells by each individual antibody and
using unstained cells.

Whole Transcriptome Analyses
After cell sorting and RNA extraction, total RNA (about 200 pg)
was amplified using the Ovation Pico WTA System V2 in
combination with the Encore Biotin Module (Nugen).
Amplified cDNA was hybridized on an Affymetrix Human
Gene 2.0 ST array. Staining and scanning was done according
to the Affymetrix expression protocol including minor
modifications as suggested in the Encore Biotion protocol.
Differential gene expression and statistical analyses were
performed with an in-house R script (R v3.6.1) (35), mainly
with the packages limma (v3.42.0), oligo (v1.50.0), and
affycoretools (v1.58.0). The gene name annotation was
performed with AnnotationDbi (v1.48.0) employing the
Affymetrix hugene20 annotation data (v8.7.0). Genewise
testing for differential expression was done employing the
(paired) limma t-test and Benjamini-Hochberg (BH) multiple
testing correction. Genes were considered differentially expressed
which showed an adjusted p-value < 0.05 and log fold changes
TABLE 1 | Clinical characteristics of patients with neuro-inflammatory diseases and controls.

Diseases Gender F/M Age mean
(range)

Disease
duration (range)

Clinical scores
(range)

Therapy at time-point of
analysis

Non-inflammatory neurological controls (NIND)
n = 29

23/6 39.7 y
(18–76)

20.4 d
(3–70)

N. A. None

Meningitis/Encephalitis
n = 20

5/15 40.6 y
(19–71)

30.5 d
(1–183)

N. A. Antibiotics (e.g., ampicillin,
ceftriaxon,
doxycyclin, meropenem,
vancomycin, cefalexin)
(n = 16)
Virostatica (Aciclovir)
(n = 8)

Guillain-Barré syndrome (GBS)
n = 23

9/14 51.7 y
(20–83)

13.5 d
(1–65)

N. A. Plasma exchange (n = 10)
IVIG (n = 5)

Myasthenia gravis (MG)
n = 11

5/6 62.5 y
(30–89)

23.2 d
(1–75)

Besinger
1.1

(0.2–2.3)

Mestinon (n = 9)
Prednisolon (n = 5)
Azathioprin (n = 2)
Plasma exchange (n = 2)
IVIG (n = 2)

Multiple Sclerosis (MS)
n = 21

11/10 38.9 y
(22–65)

16.2 d
(3–90)

EDSS
1.8
(0–4)

Methylprednisolone
(n = 5)
No other therapies before
blood draw

Neuromyelitis optica spectrum disorder
(NMOSD)
n = 10

7/3 41.5 y
(21–82)

2.3 y
(0.8- 5.8)

EDSS
1.3
(0–9)

Rituximab (n = 2)
Azathioprin (n = 1)
Glatirameracetat (n = 1)
Plasma exchange (n = 3)

Rheumatic diseases
n = 11

6/5 50.7 y
(18–74)

50.7 y
(18–74)

N. A. Methotrexat (n = 1)
Mycophenolat mofitel
(n = 1)
Rituximab (n = 1)
Prednisolon (n = 7)
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greater than 2. Heatmaps were generated with the pheatmap R
package (v1.0.12). In one subject we could not access a
representative transcriptome repertoire for the DN B cell
population due to low RNA levels.

Targeted Ig Transcriptome Library
Preparation and Sequencing
Next generation sequencing of Ig heavy chain VH transcripts was
performed as described previously (6). Shortly, after cell sorting and
RNA extraction (Qiagen RNeasy Plus Micro Kit, manufacturer’s
instructions), cDNA synthesis was done using the Clontech
SMARTer Ultra Low RNA Kit for Illumina sequencing according
to the manufacturer’s instructions. We changed the second strand
synthesis by additionally adding constant region primers for IgA,
IgG, IgM, and IgD to specifically pre-amplify immunoglobulin
transcripts. After cDNA synthesis, a pool VH-family-specific
(VH1–VH5) and isotype-specific (IgD, IgM, IgG, and IgA)
primers were used to amplify VH-region sequences using
polymerase chain reaction (PCR high fidelity, Roche); separate
PCR reactions for each VH-family were performed to avoid
cross-priming or primer competition. Ig constant region primers
contained a sequence tag (“barcode”) to identify the cell population
of origin (36). A primer sequence containing unique molecular
identifiers (UMI) for subsequent Illumina MiSeq deep sequencing
was included in the PCR primers, to control for sequence duplicates
coming from the PCR amplification step. Amplified cDNA from the
peripheral blood of each subject at each time point was then pooled
and sequenced in a single run on an Illumina MiSeq Personal
Sequencer, using 250bp paired-end sequencing.

On average, 184051 assembled heavy chain (VH) sequences
(range: 77572–506890 sequences) were assessed on nucleotide
level and further processed through the pRESTO bioinformatics
pipeline to determine repertoires for each B cell population and
time point (Supplementary Table S5). In consecutive steps, the
total number of unique pRESTO pipeline VH sequences and
clones were determined (Supplementary Table S5).

Targeted Ig Transcriptome Data Analysis
The sequencing data was processed using the nf-core Bcellmagic
pipeline (release 1.2.0, DOI: 10.5281/zenodo.3607408), which is
open source and available at http://github.com/nf-core/
bcellmagic as part of the nf-core project (37). The pipeline
employs the Immcantation toolset for processing of the
repertoire sequencing data. The Illumina MiSeq high-
throughput sequencing reads were quality-controlled using of
FastQC. The pRESTO toolset (38) was used for processing the
sequencing reads. Reads were filtered according to base quality
(quality score threshold of 20), the forward and reverse reads
were paired and a consensus sequence from reads with the same
UMI barcodes was obtained, allowing a maximum mismatch
error rate of 0.1 per read group. V(D)J sequences were only
considered that had at least 2 representative sequences to build
the consensus. Sequence copies were calculated as the number of
identical sequences with different UMI barcodes.

VH variable-diversity-joining [V(D)J] germline segments
were assigned by blasting the processed sequences to the
Frontiers in Immunology | www.frontiersin.org 411
IMGT database by igBLAST (39). Functional V(D)J sequences
were assigned into clones based on (1) identical nucleic acid
complementarity determining region-3 (CDR3) sequence length,
(2) same VH variable gene segment and VH joining gene
segment and (3) 88% identity of CDR3 nucleotide sequence.
Clonal lineage reconstruction was performed with ChangeO (40)
and by PHYLIP (for maximum parsimony linage construction)
(41). Repertoire characterization and mutation profiling was
performed by the use of Alakazam and SHazaM, respectively.
Clonage tree graphs were exported in graphml format and loaded
into a neo4j graph database (42), for automated lineage tree
topology analysis. All tools were containerized in a singularity
container distributed together with the analysis pipeline.

DN B Cell Single Cell Analysis, Production
of Recombinant Antibodies (rAb), and
Antibody Testing
We performed single cell sorting with the aforementioned
antibody panel in order to sort single double negative B cells;
two PMBC samples (subject 1 and subject 5) obtained at day 9
after vaccination were sorted into double negative B cells (two 96
wells plates for each subject). Double negative heavy- (VH) and
light-chain (VL) variable region sequences were recovered by
RT-PCR and DNA sequencing (Eurofins, Munich, Germany) as
described previously. Heavy- and light-chain sequences of 4
corresponding heavy- and light chains found within related
clones (4 derived from double negative B cells) were selected,
synthesized (Thermo Fisher Scientific Geneart, Regensburg,
Germany) and introduced into expression vectors pIgG1Flag11
and pCEP4 (43, 44); the vector for the heavy chain already
contained the heavy chain constant region, whereas the light
chain was synthesized entirely and then introduced into the
pCEP4 vector. Constructs were then co-transfected into HEK
cells and antibodies produced commercially (EMP Genetech,
Ingolstadt). Antibodies were purified (protein A columns) and
run under reduced conditions on an SDS Gel obtaining heavy
chain bands at around 50kDA and light chain bands at around
25kDA for 3 out of 4 antibodies (all derived from DN B cells).
For one antibody, we just obtained a protein fragment of around
50kDA. Under un-reduced conditions, we identified a 160kDA
band for 3 out of 4 antibodies; we concluded that these 3
antibodies were structurally intact.

In order to check the produced antibodies for antigen
specificity, we performed specific enzyme immunoassays to
measure IgG-antibodies against tick borne encephalitis in human
serum (Immunozym FSME IgG, REF 7701010, PROGEN,
Heidelberg, Germany). The ELISA tests were performed
according to the manufacturer’s instructions. Shortly, wells of the
ELISA test stripes are coated with inactivated tick-borne
encephalitis virus and were then incubated with the recombinant
antibodies or subject serum. Serum samples were diluted 1:100,
and antibodies were applied undiluted at a concentration between
0.1 to 0.15 mg/ml. All three functional antibodies were tested and
subjects’ serum samples at baseline and day 14 after vaccination.
Standard curves showed a linear range and positive controls were
within the recommended range. Results for recombinant
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antibodies were confirmed with a second ELISA test (Anti-FSME/
TBE Virus ELISA “Vienna” (IgG) assay, EI 2661-9601-9 G,
EUROIMMUN, Lübeck, Germany; application according to
manufacturer’s instruction, dilutions identical first ELISA tests).

Statistics
Statistics for flow cytometry experiments were conducted using
GraphPad Prism® Version 5.01. For cross sectional analysis of
inflammatory neurological diseases the non-parametric Kruskal-
Wallis test with multiple comparison correction (Dunn’s
procedure) against control (NIND) was applied (data for
rituximab treated patients was not included in statistical
analysis). For longitudinal analysis of vaccination experiments,
repeated measurements ANOVA with Dunnett’s multiple
comparison test between day 7 and baseline was applied.
Values were considered statistically significant when p < 0.05.
Indications: *p < 0.05, **p < 0.01 and ***p < 0.001.
RESULTS

Elevated Peripheral Blood DN B Cells in
Active Neuro-Inflammatory Diseases
We performed a cross sectional flow cytometric analysis of
peripheral blood naïve, memory, DN B cells, and plasmablasts in
patients with NMOSD, myasthenia gravis (MG), meningitis/
encephalitis, Guillain-Barré syndrome (GBS), MS, non-
inflammatory neurological diseases (NIND) and rheumatic
diseases. The overall B cell pool, calculated as the percentage of
CD19+ cells of all mononuclear cells (CD45+), did not show
significant differences between patient groups (mean 11% for each
patient group, range 8–13%). However, differences were observed
for the distribution of B cell subtypes including naïve B cells,
memory B cells, DN B cells and plasmablasts (calculated as the
percentage of all CD19+ B cells). Higher DN B cells were detectable
in patients with MG, meningitis/encephalitis, GBS rheumatic
diseases, and NMOSD (Figure 1A). Peripheral plasmablasts
showed significantly higher values in patients with GBS,
meningitis/encephalitis, MS and NMOSD when compared to
NIND (Figure 1A). Besides a decreased percentage of memory B
cells in rheumatic diseases, no significant changes were detectable
for memory or naive B cells (Figure 1A).

Statistically significant differences were not noticeable between
disease subgroups and no specific clinical characteristics could be
assigned to patients that –in same cases- showed relatively high DN
B cell and/or plasmablast values (Supplementary Table S2B
displays MS cohort in detail). This may be due to heterogeneity
in disease duration (e. g. GBS), disease severity, time of last relapse,
and immunomodulatory therapies (patient characteristics Table 1).
We did not find a correlation between the percentage of DN B cells
and age (Spearman test, p = 0.3).

Peripheral Blood DN B Cells Are
Upregulated After Vaccination
In order to further study and characterize DN B cells, we
monitored the specific PB B cell response after vaccination
Frontiers in Immunology | www.frontiersin.org 512
against influenza virus (n = 22) or tick-borne encephalitis virus
(n = 6) in healthy subjects (subject characteristics and conducted
experiments are summarized in Table 2). The distribution of
naïve, memory, DN B cells and plasmablasts was calculated as
percentage of all B cells. We observed an increase in circulating
DN B cells days 4, 7, and 14 after vaccination against influenza
virus (Figure 1B), maximum at day 7. In addition, plasmablasts
were significantly upregulated on day 7, whereas a significant
percentage decrease of naive B cells was observed on days-7 and
-14. A similar increase of DN B cells at day 7 was detectable after
vaccination against tick born encephalitis virus (TBE) (Figure
1C). To further confirm the validity of our FACS protocol, we
visualized individual B cell populations using live imaging
(ImageStream; Figure 1D).

DN B Cells Do Not Uniquely Cluster
by Gene Expression
To characterize the gene expression profile of the different B cell
subtypes, we performed a whole transcriptome analysis of naïve,
memory, DN B cells and plasmablasts from five subjects
following vaccination against tick borne encephalitis virus.

Principal component analysis (PCA) showed clustering of
naïve and memory B cells, whereas plasmablasts formed a
separate cluster that can be distinguished according to values
of the first principal component (PC1) (Figure 2A). DN B cells,
on the contrary, did not show clear clustering according to their
gene expression profile. This cell type clustered with naïve and
memory B cells in three subjects, and together with plasmablasts
in one subject (Figure 2A). We could not access a representative
transcriptome analysis for the DN B cell population for subject
S5 due to low RNA levels.

Next, we analyzed differentially expressed genes (DEG)
between the four B cell populations using each B cell subset
transcriptome to define the baseline comparator for the other
three subsets (Figure 2B). When comparing the gene expression
among naïve, memory and DN B cell populations, only a limited
number of DEG was found (≤ 32 genes) for any of the
comparisons. In contrast, plasmablasts showed ≥333 DEG
when compared to each of the other B cell subtypes. Using
plasmablasts as the baseline, DN B cells showed the lowest
number of subsets specific DEG (16) followed by memory B
cells (130) and naïve B cells (209) beside multiple DEG shared
between the latter populations.

Specific analyses of annotated, differentially expressed
transcripts that were only found between DN B cells and the
other populations were further conducted. We identified IGH (Ig
heavy locus) and IGHA1 (Ig heavy chain constant region alpha1)
as DEG between DN and naïve B cells with both transcripts
showing a significantly higher expression in DN B cells
(Supplementary Figure S3A, DEG between memory and naïve
B cells additionally shown in Figure S2B). Between DN and
memory B cells, TLR6, IGHV4-31 and TFEC showed a
significantly different expression (Supplementary Figure S3C).
The TLR6 (toll like receptor 6) gene showed a significantly lower
expression in DN B cells when compared to memory B cells;
TLR6 in combination with the TLR2 is associated with the
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FIGURE 1 | Distribution of B cell subsets in the peripheral blood of patients with neuro-inflammatory disorders or following vaccination with influenza or tick borne
encephalitis virus. B cell subsets are presented as a percentage of total CD19+ B cells and defined as follows: naïve B cells CD19+CD20+CD27-CD38+IgD+, memory
B cells CD19+CD20+CD27+CD38+, double negative B cells (DN B cells) CD19+CD20lowCD27-IgD-, and plasmablasts CD19+CD20lowCD27+CD38highIgD-.
(A) Peripheral blood B cell subsets were quantified from patients with neuromyelitis optica spectrum disorder (NMOSD), myasthenia gravis, meningitis/encephalitis
(mening./enceph.), Guillain-Barré syndrome (GBS), multiple sclerosis (MS), non-inflammatory neurological diseases (NIND) and patients with rheumatic diseases. Red
dots highlight samples obtained from rituximab-treated patients, these data points were excluded from statistical analysis. Clinical groups were compared using a
Kruskal-Wallis test with correction for multiple comparisons. Peripheral blood B cell subsets following vaccination against (B) influenza virus (n = 22) or (C) tick-borne
encephalitis virus (n = 6). Statistical measurements were performed using a repeated measures ANOVA with Dunnett’s post-hoc correction. (D) Staining of different B
cell populations was visualized by ImageStream. Lines in the graphs indicate median values and asterisks describe significance values as follows: *p < 0.05,
**p < 0.01, ***p < 0.001, n.s. = not signifciant.
Frontiers in Immunology | www.frontiersin.org December 2020 | Volume 11 | Article 606338613

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Ruschil et al. Specific Induction of DN B Cells
specific response against viruses (45). The upregulation of VH4
gene segments in DN B cells (especially IGHV4-34) has
previously been reported in SLE (2). Transcriptional factor EC
(TFEC) is associated with an immunoglobulin heavy-chain gene
enhancer (46) and was upregulated in memory B cells. Detailed
analysis of annotated DEG between DN B cells and plasmablasts
revealed a significant higher expression of IGKV2-29 in
plasmablasts (data not shown). Furthermore, DN B cell specific
DEG contained RNUF5F-1, RARRES3, MBNL2, MRPL12, and
NDUFA7, but no obvious B cell associated functions could be
assigned to these genes.

In addition, we examined the differential expression of 31
genes of interest that have previously been associated with B cell
development and DN B cells (Figure 2C and Supplementary
Table S2). Hierarchical clustering grouped plasmablasts, naïve B
cells and memory B cells, consistent to the PCA analysis. In line
with the principal component analysis, DN B cell subsets again
showed inconsistent mRNA expression patterns with three DN B
cell populations clustering with naïve and memory B cells, and
one with plasmablasts. Also, CD27 and CD38 showed a
significantly higher gene expression in plasmablasts than in
DN and naïve B cells. CD24, an early B cell marker (47), was
expressed at significantly lower levels in plasmablasts than in
DN, memory and naïve B cells. Further sub-classification of DN
B cells by the chemokine receptor CXCR5 and integrin CD11c
(ITGAX) into DN1 (CXCR5+, CD11c-) and DN2 (CXCR5-,
CD11c++) has recently been suggested by Sanz and colleagues
(1). We observed a significantly lower expression of CXCR5
transcripts in plasmablasts when compared to the other cell
types; no significant differences were observed for CD11c
transcripts between the different subpopulations. When
looking at DN B cells on a subject level, we found a down-
regulation of CXCR5 transcripts similar to plasmablasts in one
subject and a higher expression CD11c transcripts in DN than in
naïve B cells but differences did not reach significance.
Concerning cell to cell signaling and cell development, we
found a higher expression of IL4R transcripts in DN and naïve
B cells when compared to plasmablasts. Recently it could be
shown that IL4 together with IL21 and INFg control CD11c and
TBET (TBX21) expression in B cells (3). TNF receptor associated
factor (TRAF5) transcripts that mediate TNF induced cell
Frontiers in Immunology | www.frontiersin.org 714
activation (3) showed a lower expression in plasmablasts when
compared to the other cell populations; also DN B cells showed
low expression levels on a subject level which is in line with the
literature. IRF4 as a transcription factor for plasma cell
differentiation was expressed in plasmablasts at higher levels
than in naïve and memory B cells but not DN B cells (3). The
transcripts PRDM1 (Blimp1) and SLAMF7 are also associated
with plasma cell differentiation and showed a higher expression
in plasmablasts when compared to the other populations,
however, DN B cells in one subject also showed high
expression of both transcripts similar to plasmablast levels
(further details are shown in Supplementary Table S2).

Targeted Immunoglobulin Repertoire
Analyses Show Clonal Expansion
of DN B Cells
We performed targeted heavy chain (VH) transcriptome
sequencing in two subjects (S1 and S5, part of the
aforementioned analysis) at baseline and 7 days after vaccination
against TBE. Basic VH transcriptome parameters were studied
including VH family usage, Ig subclass distribution, and
mutational count (Supplementary Table S3). The VH family
distribution of naive B cell repertoires at baseline approximated
the expected germline frequency (48), however, at day 7 after
vaccination, naïve B cells showed a higher diversity. Concerning
the other B cell subsets, DN also showed a VH family usage close to
germline frequencies, whereas memory B cells and especially
plasmablasts showed a heterogeneous VH usage. Regarding Ig
isotypes, the frequency of IgD was lower in the naïve population
following vaccination at day 7 with IgM being overly expressed; no
obvious trends were observed for the other populations. The mean
number of mutations was lowest in the naïve populations indicating
representative sequencing of VH transcripts for the different B cell
subsets. There was a tendency for an increased mean mutational
count after vaccination, especially for DN B cells (further details
Supplementary Table S3).

When analyzing the clonal diversification of the BCR
repertoire for the different B cell populations, we found a
significantly lower diversification for all B cell subsets after
vaccination except for DN B cells at day 7 (Figure 3A and
Supplementary Figure S5). The clonal diversification index
TABLE 2 | Characteristics of healthy subjects receiving vaccinations against influence and tick borne encephalitis virus and conducted experiments.

Vaccinations Gender
Female/male

Age Mean
(range)

Analysis time points Experiments

Influenza virus (year 1)
N = 9

4/5 35 y
(27–51 y)

Baseline, day 4, day 7, day 14 - B cell FACS analysis all subjects

Influenza virus (year 2)
N = 13

6/7 33 y
(27–40 y)

Baseline, day 4, day 7, day 14 - B cell FACS analysis all subjects

Tick borne encephalitis virus (year 2)
N = 6

3/3 32 y
(29–34 y)

Baseline, day 4, day 7, day 14 - B cell FACS analysis all subjects
- Whole transcriptome analysis 5 subjects day
7 to day 9
- Targeted VH transcriptome analysis 2
subjects day 0, day 7
- Cloning of recombinant antibodies DN B
cells 2 subjects day 9
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A B
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FIGURE 2 | Whole transcriptome analysis of the different B cell populations after TBE vaccination (A) Principal component analysis of whole transcriptome data with
clustering of different B cell subsets by subjects (S1–S5). Plasmablasts (purple) cluster separately from memory (yellow) and naive (red) B cell subsets, whereas DN B
cells (blue) show an inconsistent clustering with naïve/memory B cells, plasmablasts or between the latter population. Inter-individual differences were noticeable
especially for subject 4 (S4). (B) Venn Diagrams of differentially expressed genes (DEG, p<0.05; fold-change >2x) shared between the B cell types for each baseline
comparator population (indicated above in gray). The number of DEG was limited (≤ 32) between naïve, memory and DN B cells; plasmablasts showed >300 DEG
when compared to any of the other B cell subtypes with DN B cells showing the lowest number of subset specific DEG. (C) Heatmap displaying the normalized
expression values of selected genes of interest across the different B cell types. Significantly DEG are marked by asterisks as detailed in Supplementary Table S2.
The color scale shows the normalized gene expression values scaled between -2 and 2 for each gene (row). Hierarchical clustering dendrogram of B cell subsets
according to their gene subset expression profiles (top) and clustering dendrogram of the genes according to their expression patterns in the different samples (left)
are shown. A consistent grouping of plasmablasts, naïve B cells and memory B cells can be found with DN B cells showing an inconsistent grouping with each of
the other B cell subsets. Subjects 1–5, S1–S5; DN, DN B cells.
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measures the unevenness of the number of unique BCR
sequences per clone (49), and an increased diversification after
vaccination indicates clonal expansion. Further evidence for a
clonal expansion of the DN B cell subset derived from the
percentage distribution of clones with 10 or more sequences
(Figure 3B and Supplementary Figures S4 and S5). Clonal
abundance significantly increased in the DN B cell population
and in the memory and plasmablast subsets but decreased or
remained unchanged for naïve B cells. We next analyzed clonally
related VH sequences within and between the different B cell
subsets at baseline and day 7 after vaccination (Figure 3C). The
majority of clonally related VH sequences were found within
each B cell population itself. The percentage overlap between the
different populations increased after vaccination from 2.1% to
23.8% in subject 1 and 5.3% to 10.7% subject 5 after vaccination.
In subject 1, the percentage overlap of DN B cells to all other B
cells subsets increased, including naïve B cells. In addition, naïve
B cells also showed direct clonally related sequences to
plasmablasts. An increase in overlapping sequences between
Frontiers in Immunology | www.frontiersin.org 916
DN B cells and memory B cells and plasmablasts was also
observed in subject 5. However, the overlaps between naïve
and other B cell subtypes remained scarce at day 7 in subject 5
(Figure 3C and Supplementary Figure S6).

Directed maturation trees were constructed by aligning clonally
related VH sequences to their most homologous germline. The
succession of B cell subtypes defined by the patterns of somatic
hypermutations was then used to predict the most likely direction of
B cell maturation after vaccination (e.g., DN B cells followed by
plasmablasts, Figure 4). At baseline, a very limited number of
maturation trees containing several B cell subtypes (subject 1: 0
trees, subject 5: 7 trees) was observed, whereas multiple trees were
found (subject 1: 74 trees, subject 5: 55 trees) after vaccination. In
detail, maturation trees containing naïve B cells (n = 31), DN B cells
(n = 29), and memory B cells (n = 7) were directly followed by
plasmablasts in subject 1. Memory B cells (N = 31) and DN B cells
(n = 7) followed by plasmablasts and memory B cells (n = 7)
followed by DN B cells mainly contributed to directed maturation
trees in subject 5.
A B

C

FIGURE 3 | Targeted immunoglobulin VH transcriptome analysis in subjects 1 (S1) and 5 (S5) before (d0) and after 7 days (d7) of TBE vaccination.
(A) Clonal diversification among clonal populations at baseline and day 7 after vaccination is shown for the different B cell subsets. (B) Percentage of large
clonal populations (≥ 10 unique sequences) in circulating B cell subsets. Clonal diversification index and the percentage of large clones were calculated
using a sample of 611 clones collected in accordance with their abundance in the repertoire (n = 1000 bootstrap iterations). The error bars indicate
standard deviation. All pair-wise comparisons were significant (p < 0.001, t-test) between the bootstrap samples unless otherwise indicated (ns, not
significant). (C) Overlap analyses of clonally related sequences within and between the different B cell populations, weighted by the number of unique
sequences. Numbers indicate the percentage of sequences from each B cell subtype for each patient and time point. N, naïve; M, memory, DN, DN B cells;
P, plasmablasts.
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DN B Cell Derived, Recombinant
Antibodies Show Specificity Against TBE
We generated 3 recombinant antibodies (2 from S1; 1 from S5) from
over-represented clonally related Ig sequences expressed by single DN
B cells at day 9 after vaccination against tick borne encephalitis. The
specificity of these antibodies was tested by commercially available
ELISA tests that are used to evaluate serum IgG titers after
vaccination. When measuring IgG serum titers in both subjects, we
observed negative titers in S1, borderline titers in S5 at baseline and
Frontiers in Immunology | www.frontiersin.org 1017
sufficient anti-TBE-IgG titers at day 14 after vaccination for both
subjects (Supplementary Table S3). One recombinant antibody from
S1 (F4) showed a mean value of 138VIEU/ml (titers considered
positive when > 126 VIEU/ml), whereas the second antibody (C3)
showed mean values of 90 VIEU/ml (borderline 63 and 126 VIEU/
ml) indicating that both DNB cells produced TBE specific antibodies.
The third antibody from S5 (D10) was below the detection limit of
the ELISA test (Supplementary Table S3). Results were confirmed
using a second ELISA Kit.
A B

C

FIGURE 4 | Examples of directed maturation trees (all at timepoint day 7). Clonally related VH sequences were aligned to their most homologous germline and
maturation pathways and the succession of B cell subtypes defined by the patterns of somatic hypermutations. DN B cells (blue circles) often precede
plasmablasts (red circles) that show more somatic hypermutations, as displayed in three example clones (A–C). NA, unknown intermediates; DN, DN B cell; P,
plasmablast.
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DISCUSSION

DN B cells have been suggested to contribute not only to the
pathophysiology of several autoimmune disorders including
NMOSD (6) and SLE (2, 10–12) but also infectious diseases
like HIV (17–19), sepsis (20) and active malaria (21, 22).
However, little is known about the origin and function of DN
B cells and the involvement in other inflammatory neurological
diseases, including infectious disease (e.g., meningitis) and auto-
immune diseases of the peripheral (e.g., myasthenia gravis,
Guillain–Barré syndrome) or central nervous system (e.g.,
multiple sclerosis, NMOSD). In this study we show that
elevated peripheral blood (PB) DN B cells are observed in a
variety of autoimmune and infectious neurological disorders and
are robustly induced by vaccination. Further characterization of
DN B cells after TBE vaccination by whole transcriptome
analyses revealed a transcriptional program that overlaps with
naïve B cells, memory cells, and plasmablasts. Targeted Ig
transcriptome analyses in combination with the production of
recombinant antibodies from DN B cells suggest an antigen
driven maturation process upon certain immunologic stimuli.

In line with previous studies (6, 11), we observed elevated
values of peripheral blood DN B cells in patients NMOSD and
rheumatic diseases. In addition, we found an increased fraction
of DN B cells in patients with acute MG and GBS providing
indirect evidence for a possible involvement of DN B cells in
several autoantibody associated diseases. Under conditions of an
acute infection in patients with meningitis/encephalitis,
increased numbers of peripheral blood DN B cells were
detectable similar to patients with acute sepsis (20–22). Similar
to a recent report, only a subset of MS patients showed an
elevated fraction of DN B cells (7); although B cells play an
important role in multiple sclerosis, no valid auto-antibodies
have been defined in multiple sclerosis yet (7). An elevated
fraction of DN B cells has been reported in the elderly (>75 y)
(4, 5), however, we did not observe a correlation between DN B
cells and age in our patient cohorts. Following vaccination
against influenza or TBE, we observed a robust expansion of
DN B cells between day 4 and day 14, maximal at day 7. The
increased fraction of DN B cells was accompanied by an
expansion of plasmablasts at day 7 which is in line with the
literature (50, 51). Although detailed information is not available,
a recent study also described the induction of DN B cells after
vaccination with influenza virus (52). In summary, we found an
increased fraction of peripheral blood DN B cells in
autoimmune, infectious, and immunized patients, suggesting
that DN B cells play an important role in both pathologic and
protective, antigen-targeted immune responses.

A variety of functional roles have been proposed for DN B
cells: exhausted memory B cells, transient effector B cells, or an
atypical memory-like B cell population (32, 33). Recent studies
on DN B cells in SLE provide compelling evidence that a subset
of DN B cells (DN2) represent a primed precursor population for
antibody secreting cells (ASC) (1–3). Our detailed analyses of
DN B cells after vaccination against TBE containing whole
transcriptome analysis, targeted Ig VH repertoire sequencing,
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and cloning of recombinant antibodies provides further evidence
that DN B cells are a transient precursor B cell population
undergoing differentiation into antibody secreting cells. Whole
transcriptome analyses showed a heterogeneous transcriptome
in DN B cells that showed multiple overlaps with naïve B cells,
memory B cells, and plasmablasts. Principal component analysis
showed that DN B cells demonstrate a rapidly changing gene
expression profile between naïve, memory, and plasmablast
subsets that did not coalesce into an independent cluster.
While plasmablasts show a distinct gene expression profile in
comparison to the other populations, the number of identified
DEG was lower between plasmablasts and DN B cells. Indeed,
DN B cells expressed transcription factors like IRF4 which are
induced during plasma cell differentiation (3). A direct clonal
relation between DN B cells and plasmablasts was also observed
by targeted VH transcriptome analyses. Following vaccination,
DN B cell clones were observed to link directly to plasmablasts by
lineage trees (Figure 4). Furthermore, recombinant antibodies
generated from DN B cells recovered from TBE-vaccinated
subjects bound to TBE-infected cell lysate by ELISA. In
combination, our data indicates that DN B cells provide a
distinct pathway for the generation of antibody producing
plasmablasts in response to antigenic stimulation.

Sanz and colleagues recently provided evidence that DN2 B
cells develop from the naïve B cell pool through an extra-
follicular pathway (1–3). In contrast, DN1 B cells (CXCR5+,
CD21+, CD11c-) comprised an activated subset of memory B
cells arising through follicular development (3). Although our
FACS approach did not allow us to differentiate DN B cells into
DN1 and DN2 subsets, VH transcriptome analysis suggests a
similar distinction among our post-vaccination DN B cells.
Following vaccination, we observed an activation of the naïve
B cell pool with a loss of IgD expression and greater bias in VH
germline usage. The transcriptomes of naïve and DN B cells
demonstrated few DEGs with elevated expression of IGH and
IGHA1 in DN B cells indicating the onset of Ig class switching.
Indeed, DN B cells were mostly class-switched (30–44% IgA
expressing) and showed an increased frequency of somatic
mutations and large clonally-expanded populations. While toll-
like receptors (TLR) 7 and 9 have recently been associated with
the differentiation of B cells into DN B cells in SLE (3, 53), we
observed a lower expression of TLR6 in our DN B cell subset
after TBE vaccination. Further indirect evidence for extra-
follicular DN maturation derives from the clonal connectivity
between our different B cell subtypes. When looking at the
specific clonal relations between the B cell populations after
TBE vaccination, we found several clones between naïve B cells
and plasmablasts/DN B cells and DN B cells and plasmablasts,
whereas the connections between memory B cells and the other
populations remained scarce in subject 1. These clonal
interactions between the different populations could point
toward the aforementioned extra-follicular pathway with
activated naïve B cells followed by DN B cells that develop into
plasmablasts. However, we observed distinct differences in the
clonal interaction between the different populations in subject 5.
Most clonal interactions were found between memory B cells,
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DN B cells, and plasmablasts, whereas the naïve B cell population
only showed limited clonal overlap with the other B cell subsets.
However, subject 5 already showed intermediated anti-TBE-IgG
titers at baseline, so that the clonal interaction could possibly
resemble a reactivation of the B cell memory compound followed
by DN B cell and plasmablast generation. Regardless of
potentially different maturation pathways, both subjects
developed a sufficient serum antibody response evaluated by a
specific ELISA test. Altogether, the different clonal connectivity
could be explained by the DN1 and DN2 concept but further
experiments are necessary to fully address B cell maturation
following vaccination.

The characterization of DN B cells in our vaccination model
has indirect implications for the interpretation of elevated DN B
cells in inflammatory neurological diseases. Neuromyelitis optica
spectrum disorder (NMOSD) is an inflammatory disease of the
CNS characterized by auto-antibodies against the water-channel
aquaporin-4 (AQP4) (6). We recently showed that the fraction of
PB DN B cells is elevated during active NMOSD and contains
AQP4 positive B cell clones (6). Similar to these results, DN B
cells have been observed to express disease associated antibodies
in SLE (3). Myasthenia gravis and Guillain-Barré syndrome are
auto-immune diseases that affect the peripheral nervous system
and are also associated with auto-antibodies (54, 55). Although
we did not examine whether DN B cells in our patients with
myasthenia gravis, Guillain-Barré syndrome or meningitis/
encephalitis are associated with a specific, disease relevant
antibody response, the acute and/or relapsing clinical course of
these disorders suggests that DN B cells may represent a source
of disease-relevant immunoglobulins. The interval between
proceeding infections and the onset of GBS or relapse in MG
has been reported to vary between 1 and 3 weeks (54, 55); in
addition, GBS sometimes occurs after vaccinations (54). Given
that the B cell/antibody response after vaccinations shows a
similar time frame, a potential involvement of DN B cells in the
production of autoantibodies in MG and GBS seems plausible
but needs further confirmation in future studies.

Some limitations of our study should be noted. We included
CD20 in our FACS panel and followed a gating strategy (6) using
CD20 for the definition of double negative B cells. We used this
surface marker, since CD20 B cell depleting therapies are
increasingly applied to autoimmune diseases. However, this
gating strategy lead to a slightly different definition of DN B cells
which makes it difficult to directly compare our flow cytometric
results to other studies, although the DN B cell population has also
been reported to be CD20 negative applying different gating
strategies (1). Our patient cohort showed a certain degree of
heterogeneity with respect to disease activity, duration and
treatment which limits comparisons. For this reason, we
characterized DN B cells after a defined immunologic stimulus in
a vaccination model, similar to recent analyses of acute SLE
patients (3), however, our vaccination cohort was relatively small.
The specific surface marker profile, the timely occurrence of DN B
cells in an active immunologic state and antigen specificity after
vaccination and in specific diseases (3, 6) suggest that DN B cell
represent a similar B cell subset in both pathogenic and protective
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immune responses. However, we have to address the limitation
that we did not assess gene expression patterns due to the
heterogeneity of diseases states in the clinical cohort and
thus cannot provide further evidence for similar DN B cell
characteristics on a whole transcriptome level. Further
methodological limitations included low patient numbers, low
RNA levels for whole transcriptome analysis, and a limited
sampling of targeted Ig transcriptome repertoires. Nevertheless,
the results provide proof of concept for the induction of DN B cells
post-vaccination, provide a robust characterization at the
transcriptome level, and reveal targeted antigen specificity
through recombinant antibody technology.

In summary, our study shows that DN B cells are involved in
a variety of active neuro-inflammatory diseases and vaccinations
thus playing a role in protective and pathogenic immune
responses. Post-vaccination DN B cells comprised a transient
population that developed into specific antibody secreting
plasmablasts. Future studies with a sub-differentiation of DN B
cells into the DN1 and DN2 phenotype are necessary to fully
understand follicular and extra-follicular B cell maturation
pathways and the exact role of DN B cells in specific neuro-
inflammatory disease entities and during vaccinations.
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Germinal centers (GC) are sites for extensive B cell proliferation and homeostasis is
maintained by programmed cell death. The complement regulatory protein Decay
Accelerating Factor (DAF) blocks complement deposition on host cells and therefore
also phagocytosis of cells. Here, we show that B cells downregulate DAF upon BCR
engagement and that T cell-dependent stimuli preferentially led to activation of DAFlo B
cells. Consistent with this, a majority of light and dark zone GC B cells were DAFlo and
susceptible to complement-dependent phagocytosis, as compared with DAFhi GC B
cells. We could also show that the DAFhi GC B cell subset had increased expression of the
plasma cell marker Blimp-1. DAF expression was also modulated during B cell
hematopoiesis in the human bone marrow. Collectively, our results reveal a novel role
of DAF to pre-prime activated human B cells for phagocytosis prior to apoptosis.

Keywords: human B cell development, germinal center (GC), decay accelerating factor (DAF), complement-
mediated phagocytosis, complement regulating proteins
INTRODUCTION

High affinity memory B cells and plasma cells (PCs) have undergone two distinct selection
processes; during B cell development in the bone marrow (1) and during T cell-dependent
germinal center (GC) responses in secondary lymphoid organs (2–7). The GC is traditionally
divided into two zones based on their histological appearance where proliferation and somatic
hypermutation occur in the dark zone (DZ) and T cell dependent selection in the light zone (LZ) (8).

Both the bone marrow and GCs are sites of extensive B cell proliferation. Without BCR
engagement and co-stimulatory signals from CD4+ T cells, GC B cells undergo apoptosis and die.
The clearance of apoptotic cells by phagocytosis is a critical process to maintain homeostasis and to
restrict development of autoimmunity or inflammation (9, 10). Approximately 50% of all B cells die
every 6 h during a GC reaction (11, 12), and these are removed by tingible body macrophages or
marginal reticular cells (13–16). It has been suggested that human GC B cells are primed for
apoptosis and phagocytosis (17), but a mechanism for this priming has not been demonstrated.
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Covalent attachment of complement components to cell surfaces
is an important cue for phagocytosis (18). This is facilitated by C3
convertase that facilitates attachment of C3b the cell surface. This
process is regulated by a number of complement regulatory proteins
that inhibit complement mediated phagocytosis or lysis of healthy
cells (18). The Decay Accelerating Factor (DAF or CD55) is a
glycosylphosphatidylinositol (GPI) anchored protein that inhibits
C3 convertase formation, and is highly expressed on B cells (19).
Nonsensemutations in theCD55 gene leads to increased deposition
ofC3d onT cells and severe disease (20).Another example ofDAF-
deficiency is paroxysmal nocturnal hemoglobinuria (PNH) where
some hematopoietic stem cells have defect anchoring ofDAF to cell
surfaces due to a somatic mutation that inhibits generation of the
GPI anchor (21). As a consequence, downstream hematopoietic
cells lack GPI anchored proteins, including DAF. DAF-deficient B
cells are unswitched and mainly naïve in PNH patients, whereas
theirDAF-expressing counterparts appear normal (22). Since PNH
patients lack all GPI anchored proteins on their DAF-deficient B
cells, more targeted investigations of DAF expression on healthy B
cells is required to understand if the complement regulatory
protein may play a direct role in human T cell-dependent B
cell responses.

Due to its critical role for inhibition of C3 convertase, we
hypothesized that GC B cells regulate DAF expression to become
pre-primed for phagocytosis. To test this hypothesis, we set out
to investigate if regulation of DAF occurs on specific subsets of
human B cells in circulation, tonsils, and in bone marrow.
MATERIALS AND METHODS

Donors and Tissues
The research was carried out according to The Code of Ethics of
the World Medical Association (Declaration of Helsinki).
Ethical permits were obtained from the Swedish Ethical review
authority (No: 2016/53-31, 04-113M, 07-162M and 2014/233)
and all samples were collected after receiving informed consent
from patient or patient’s guardian. Briefly, blood was collected in
EDTA tubes and PBMCs were isolated using a Ficoll-Paque
density gradient centrifugation. Blood from HFRS patients were
collected 6–10 days after disease onset. Tonsillar cell suspensions
were prepared by tissue homogenizing in RPMI-1640 medium
and passed through a 70 µm cell strainer. Red blood cells were
lysed using BD PharmLyse lysis buffer according to
manufacturer’s instructions. PBMCs from healthy donors were
isolated by Ficoll-Paque density gradient from buffy coats from
routine blood donations at the Blood Central at Umeå University
Hospital, Umeå, Sweden. All cell suspensions except bone
marrow aspirates were frozen in fetal bovine serum (FBS)
(Gibco) with 10% DMSO and stored in liquid N2. Bone
marrow aspirates were obtained from routine sampling at the
Department of Pathology, Umeå University Hospital.

Flow Cytometry
Antibodies used are listed in Supplementary Table 1. Frozen
suspensions of PBMCs and tonsils were thawed, washed,
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and resuspended in PBS with 2% FBS, then stained with
Fixable Viability Stain 780 (BD Biosciences), followed by
antibody staining for 30 min at 4°C. Intracellular staining for
transcription factors was performed using the eBioscience
FoxP3/Transcription Factor Staining Buffer set according to
manufacturer’s instruction (ThermoFisher). Cells were
acquired on a BD LSRII or BD FACSAria III. Cell sorting was
done on BD FACSAria III. Bone marrow samples were processed
by routine diagnostic procedures and acquired on a BD
FACSCanto II. All data were analyzed using the FlowJo
v10 software.

Tissue Immunofluorescence
Tonsils were fixed for 4 h in PBS + 4% paraformaldehyde, then
incubated overnight in 30% sucrose. Samples were embedded in
OCT (HistoLab) and stored at −80°C. Twenty µm sections of the
tissues were cut in a cryostat. The sections were blocked for 1 h at
room temperature in PBS + 5% FBS + 0.1% Triton, then stained
with antibodies against CD19, IgD, CXCR4, and DAF. Full
details of antibodies are listed in Supplementary Table 2.
Stained sections were imaged on a Zeiss LSM 710 confocal
microscope with 405, 488, 561, and 647 nm laser lines, using a
Plan Apochromat 20× objective. All image processing was done
using the Fiji software (23).

Cell Culture
PBMCs from healthy donors were seeded at 1 × 106 cells/ml in a
96-well plate containing RPMI-1640, L-Glutamine (Gibco), 10%
fetal bovine serum (Gibco), and 100 U/L Penicillin-Streptomycin
(Gibco). Cells were then stimulated with 10 µg/ml goat-anti
human IgM+IgG (Jackson Laboratories), 2.5 µM CpG B (ODN
2006, Invivogen), 1 µg/ml anti-CD40 (G28.5, Abcam), 25 ng/ml
IL-4 (Abcam), or 25 ng/ml IL-21 (Abcam). All incubations were
at 37°C, 5% CO2.

Microarray
DAFhi and DAFlo GC B cells (CD19+ CD20+ CD38+ IgD-) were
resuspended in RLT cell lysis buffer (Qiagen) after flow
cytometric sorting. Total RNA was extracted (Qiagen) and
microarray was performed using Affymetrix Human Clariom
D microarrays (Bioinformatics and Expression Analysis core
facility at Karolinska Institutet, Huddinge, Sweden). Data were
analyzed in R. First the data was RMA normalized. Next, limma
was used to solve the differential expression regression problems
using empirical Bayes. In all cases we regressed out donor effects
(~x+donor, where x is e.g. DAFhi vs DAFlo).

RT-qPCR
For quantification of CD55, 5,000 each of DAFhi and DAFlo GC B
cells were resuspended in RLT buffer after FACS sorting. RNA
was extracted using Qiagen RNEasy Micro Kit according to
instructions. One-step RT-qPCR was performed with
LightCycler 480 RNA Master Hydrolysis Probes (Roche) and
commercially available CD55 and ACTB TaqMan primers and
probes during 5 min at 60°C, 1 min at 95°C, then 15s 95°C
and 1 min 60°C for 45 cycles. RNA was loaded in triplicates and
the reaction was run on a QuantStudio 5 Real-Time PCR System
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machine. CD55 expression was normalized to ACTB expression
to obtain the delta Ct values. For validating qPCR of AICDA,
MYC, and PRDM1, 50 000 DAFhi and 15 000 DAFlo GC B cells
were resuspended in Lysis Buffer RA1 and RNA was extracted
using NucleoSpin RNA Mini kit (Macherey-Nagel) according to
instructions. One-step RT-qPCR was performed as described
above using commercially available TaqMan primers and probes.
Ct values were normalized to ACTB and gene expression in
DAFhi GC B cells were compared to that of DAFlo GC B cells.

Phagocytosis Assay
Primary human macrophages were cultivated from purified
PBMCs from a healthy donor. One point five million PBMCs/
well were plated in RPMI-1640 supplemented with 10% FBS and
1% Pen-Strep on 13 mm circular coverslips in a 24-well plate for
2 h. Non-adherent cells were rinsed off with PBS, and RPMI-
1640 supplemented as described and with additional 20 mM
Hepes and 25 ng/ml M-CSF (R&D Systems). Medium was
changed every third day and the cells were allowed to
differentiate for 10 days. Normal human serum was collected
and pooled from six healthy donors and stored at −80°C
immediately after isolation. After a 1h incubation of CFSE-
labeled sorted DAFlo or DAFhi GC B cells with macrophages in
RPMI-1640, supplemented with 10 µM CaCl2 and 10 µM MgCl2
and 10% of either thawed or heat-inactivated human serum,
samples were fixed with 4% paraformaldehyde in PBS and
permeabilized with 0.1% Triton X-100, followed by staining
with AlexaFluor-546 phalloidin (ThermoFisher). Phagocytosis
was quantified by microscopy where phalloidin+ macrophages
were counted, and macrophages containing CFSE signal and
phagocytic vesicles were considered as phagocytosing. A total of
200 macrophages per well were counted.

Statistics
All statistic calculations were performed using GraphPad Prism
7. For comparisons between populations within the same patient,
we performed Wilcoxon matched-pairs signed rank test. For the
comparisons between different groups, we used the Mann-
Whitney test. P-values lower than 0.05 were considered
as significant.

Data Availability
The microarray data is available at GEO, accession GSE153741.
The R code is available at Github (https://github.com/
henriksson-lab/mattias-daf).
RESULTS

Circulating DAFlo B Cells Are Expanded
During Viral Infection
While DAF is highly expressed on circulating B cells during
steady-state (19), we wanted to understand if DAF can be
regulated by extrinsic factors such as infection. Therefore, we
compared surface expression of DAF on B cells from healthy
donors and from patients diagnosed with hantavirus infection
Frontiers in Immunology | www.frontiersin.org 325
and Hemorrhagic Fever with Renal Syndrome (HFRS) (Figures
1A, B) (24). There, we found that naïve B cells (CD27− IgD+),
unswitched memory B cells (CD27+ IgD+), switched memory B
cells (CD27+ IgD−), and CD27− IgD− B cells from healthy
individuals all had high surface expression of DAF (Figure
1B). In comparison, we found a significant reduction of DAF
expression on unswitched memory B cells and a marked
tendency of CD27− IgD− to comprise two populations that
with differential DAF expression (Figures 1B, C). Since DAF is
a receptor for hantaviruses (25), we performed short- and long-
term exposure of PBMCs to virus, in vitro (Supplemental Figure
S1). By this experiment, we could rule out that loss of DAF-signal
was directly induced by the hantavirus infection. Additional
analyses of the DAFlo CD27− IgD− B cells revealed that they
comprised a major population of atypical B cells, characterized
by low expression of the complement receptor CD21, and high
expression of the inhibitory Ig receptor-like Fcrl5 and FAS-
receptor CD95 during HFRS (Figure 1D). We did not observe a
comparably strong phenotype on CD27− IgD− B cells from
healthy individuals. Since DAF was downregulated on
activated B cells, we hypothesized that marked regulation of
DAF may also occur in secondary lymphoid organs.

Specific Downregulation of Decay
Accelerating Factor on Human Germinal
Center B Cells
To assess if downregulation of DAF occurs in lymphoid tissues,
we performed a direct comparison of DAF expression between B
cell subsets in circulation and in tonsils. There, we found that the
frequency of DAFhi B cells was reduced on all subsets in tonsils as
compared to blood but that this reduction was most prominent
in the two tonsillar IgD− subsets (Figures 2A–C). We also found
that DAFlo B cells mainly comprised CD38+ B cells, regardless of
subset (Supplemental Figure S2).

By staining the cryosections of corresponding tonsils, we
could demonstrate that DAF expression was high throughout
non-reactive B cell follicles (Figure 2D). In contrast, DAF was
downregulated in reactive follicles, where a majority of B cells
had low or non-detectable expression of IgD (Figure 2E). The
presence of CXCR4 staining in the reactive follicle demonstrated
the presence of a GC dark zone and while we found some
overlap, DAF expression appeared to locate mainly in CXCR4−

areas. In contrast, B cells in the non-reactive follicle did not
express CXCR4 and had a relatively uniform expression of DAF
throughout the section, which could not be explained as
unspecific binding (Supplemental Figure S3). This suggested
that DAF was specifically downregulated in GC B cells.
Therefore, we analyzed DAF expression by flow cytometry on
tonsillar cells. Here, we could confirm that GC B cells had
decreased expression of DAF compared to the other
populations (Figures 2F, G).

By measurement of the cell cycle activity protein Ki67 and the
transferrin receptor CD71, we found that both DAFhi and DAFlo

GC B cells demonstrated a comparably high level of activation in
contrast to resting, unswitched or switched memory B cells
(Figures 2H, I). We could also identify that DAFhi GC B cells
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had higher expression of both CD21 (Figure 2J) and CD95
(Figure 2K) as compared with DAFlo GC B cells. Since CD21 has
been shown to reduce the threshold for BCR stimulation, and
CD95 is critical for the extrinsic apoptosis pathway, this suggests
that DAFlo GC B cells have reduced potential for BCR
stimulation and are less sensitive to apoptosis than their DAFhi

counterparts (26, 27).

Transcriptomic Profile of DAFhi and DAFlo
Germinal Center B Cells
Next, we assessed the transcriptional profile of bulk sorted DAFhi

and DAFlo GC B cells (Supplemental Figure S4) by a Human
Clariom-D microarray. Analysis of resulting data revealed that
Frontiers in Immunology | www.frontiersin.org 426
both DAFhi and DAFlo GC B cells had a large number of genes
that were more than two-fold differentially expressed (Figure
3A, Supplementary Table 3). Of note, DAFlo GC B cells had
upregulated genes, which suggested on-going somatic
hypermutation, such as BACH2, FOXO1, and AICDA (4, 29–
31), whereas DAFhi GC B cells showed elevated expression of
genes involved in B cell differentiation (PRDM1, IRF4, CCR6),
class switching (BATF), gene editing (APOBEC3B), and
regulation of transcription (MYC) (32–37). Surprisingly, the
gene encoding DAF (CD55), showed similar transcription
levels between the two subsets and we could confirm this by
RT-qPCR (Figure 3B). The differential expression of MYC,
AICDA, and PRDM1 in sorted DAFhi and DAFlo GC B cells
A

C

D

B

FIGURE 1 | DAF expression on circulating B cells is decreased during virus infection. (A) Flow cytometric gating to discriminate Naïve (CD27− IgD+), unswitched
memory (unsw mem, CD27+ IgD+), switched memory (sw mem, CD27+ IgD−), and CD27- IgD- CD20+ B cells. (B) Representative histogram plots of DAF expression
on B cell subsets in circulation of healthy controls (middle) or HFRS patients (right). (C) Quantification of DAFhi B cells in healthy donors or HFRS patients. *p < 0.05
by Wilcoxon signed-rank test. (D) Expression of CD21, Fcrl5, and CD95 in DAFhi and DAFlo CD27- IgD- B cells of HD or HFRS patients. N = 5 (healthy donors) and
5 (HFRS patients). *P < 0.05; **P < 0.01 by Wilcoxon signed-rank test. Bars show median and interquartile range.
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FIGURE 2 | Germinal center B cells specifically downregulate DAF. (A) Representative flow cytometric plots and quantification of DAF expression on CD19+ CD20+ naïve
(CD27− IgD+), unswitched memory (unsw mem, CD27+ IgD+), switched memory (sw mem, CD27+ IgD−), or CD27- IgD- B cells from circulation (N = 7) and (B) Tonsils (N = 8).
(C) Quantified %DAFhi of indicated B cell populations. Individual dots for each sample are shown and lines indicate median with interquartile range. (D) Representative section
of a non-reactive tonsillar B cell follicle stained with IgD (yellow), CD19 (blue), CXCR4 (magenta), and DAF (green). Scale bar = 100 µm. (E) Representative staining of reactive B
cell follicle. Scale bar = 100 µm. (F) Representative plot for flow cytometric subset analysis of DAF expression on germinal center cells (GC, CD38+, IgD−), naïve B cells (CD38−

IgD+), unswitched activated (unsw act, CD38+ IgD+), memory cells (CD38− IgD−), and plasmablasts (PB) (CD38++ IgD−) of CD19+ CD20+ tonsillar B cells. Vertical line indicates
the cutoff to discriminate DAFhi from DAFlo cells. (G) Quantification of DAF expression on tonsillar B cell subsets. Individual dots for each sample are shown and lines indicate
median with interquartile range. (H) Frequency of B cell subsets with high expression of the transferrin receptor CD71. Data is represented as bar graphs showing median and
interquartile range. (I) Frequency of B cell subsets with high expression of Ki67. Data is represented as bar graphs showing median and interquartile range. (J) Median
fluorescence intensity (MFI) of CD21 on DAFhi and DAFlo GC B cells. (K) Quantified %CD95+ cells of DAFhi and DAFlo GC B cells. *P < 0.05; **P < 0.01 by Wilcoxon signed-
rank test. Bars show median with interquartile range.
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FIGURE 3 | Transcriptomic analysis of DAFhi and DAFlo germinal center B cells. (A) Volcano plot showing differences in genes expressed by DAFhi and DAFlo GC B
cells. (B) Delta CT of CD55 gene expression, normalized to ACTB. (C) Flow cytometric analysis of Blimp1 expression on DAFhi, DAFlo GC B cells, and plasma cells
(PC) (N = 6). (D) Clustering of DAFhi and DAFlo GC B cells in combination with transcriptomic data from sorted light zone (LZ) and dark zone (DZ) GC B cells. LZ and
DZ data were obtained from Victora et al. (28).
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was verified by qPCR of bulk sorted cell subsets (Supplemental
Figure S4). Consistent with PRDM1 being upregulated in the
DAFhi subset, we found that the gene product Blimp1 was
similarly upregulated in the DAFhi subset (Figure 3C). These
data indicate that the CD19+CD20+IgD−CD38+DAFhi B cell
subset may comprise early GC-derived PB or PCs.

Althoughmany of the genes upregulated in DAFlo GC B cells are
typically associated with DZ B cells, the expression of the DZ
marker CXCR4 was not increased. Instead, the LZ marker CD83
was increased in DAFlo GC B cells and the DZ marker CXCR4 was
increased in DAFhi GC B cells (Figure 3A). This indicated that both
the LZ and DZ comprise DAFhi and DAFlo B cells. Therefore, we
combined our transcriptional analysis of DAFhi and DAFlo GC B
cells with published data on sorted LZ and DZ B cells (28). Through
this analysis, we found transcriptional patterns that applied to both
DZ and LZ from sorted DAFhi and DAFlo GC B cells (Figure 3D).
However, and consistent with our other data, the clustering
suggested that DAFlo B cells in the DZ are proliferating and
undergoing SHM, whereas DAFhi B cells contained a
transcriptional profile indicative of final differentiation in the LZ.

Decay Accelerating Factor Expression in
Dark Zone and Light Zone of Germinal
Centers
Next, we used expression of CXCR4 and CD83 to analyze DAF
expression on GC B cells in DZ and LZ, respectively (Figure 4A).
Consistent with our transcriptional analysis, we found DAFhi and
DAFlo populations in both zones, where the frequency of DAFhi

cells was slightly decreased in the LZ (Figure 4B). It is established
that B cells undergo apoptosis rather than lysis in GCs (38). We
therefore assessed expression of the complement regulatory protein
CD59 that inhibits formation of the membrane attack complex, and
of complement receptors CD35 and CD21, which are involved in
both complement regulation, and B cell activation. We found that
CD59, CD35, and CD21 were expressed at similar levels regardless
of zonal location or DAF phenotype, although we observed a trend
of higher expression of CD35 and CD21 on DAFhi cells in both
zones (Figure 4C). We could also confirm that GC B cells had
increased expression of CD59, as compared to non-GC B cell
subsets, excluding PBs and PCs (Figure 4D). In addition, the
negative complement regulator CD46 (Figure 4E), which
inactivates C4b and C3b, and the complement receptor 1, CD35
(Figure 4F), were also reduced in DAFlo GC B cells. The low
expression of DAF and CD46 on a majority of GC B cells indicated
that these cells can accumulate complement on their surface, and
the high expression of CD59 demonstrated that the complement
cascade was inhibited prior to formation of the membrane attack
complex. Our data therefore suggested that DAFlo GC B cells may
be sensitive to complement-dependent phagocytosis.

B Cell Receptor Stimulation Leads to
Downregulation of Decay Accelerating
Factor Expression
Although downregulation of DAF was most pronounced on GC
B cells, DAF was also reduced on a fraction of unswitched
activated (CD38+IgD−) B cells in tonsils (Figure 2F). Hence, it
Frontiers in Immunology | www.frontiersin.org 729
was possible that BCR-stimulation alone or in concert with co-
stimulatory factors could directly regulate DAF expression. To
assess T cell-independent activation of B cells, we stimulated
PBMCs from healthy donors with anti-IgM/IgG with or without
CpG for 4 days (Figure 5A). We found that BCR-stimulation
alone led to a reduction of DAFhi B cells and that co-stimulation
with CpG enhanced this reduction (Figure 5B). In contrast, CpG
alone had no effect on the frequency of DAFhi B cells. We
proceeded to assess if T cell-dependent activation was similarly
effective to enhance BCR-induced downregulation of DAF by co-
incubating with anti-CD40, and recombinant IL-4 or IL-21,
respectively (Figure 5C). Of these, IL-21 had a minor but
significant effect on the frequency of DAFhi B cells in the
presence of anti-IgM/IgG (Figure 5D) . These data
demonstrated that DAF expression is regulated via BCR-
stimulation, and that selected co-stimulatory factors during
both T cell-dependent and T cell-independent activation of B
cells enhanced the number of DAFlo cells. Throughout all
conditions used for T cell-dependent and independent
stimulation of B cells, we consistently found that Blimp-1 was
expressed at a higher level on DAFhi than on DAFlo B cells
(Figure 5E). These data support our findings that DAFhi GC B
cells comprise a subpopulation of early GC-derived PB/PC.
However, T cell-independent stimulation induced high level of
Ki67 expression in both DAFhi and DAFlo B cells but T cell-
dependent stimulation preferentially led to activation of DAFlo B
cells (Figure 5F). This demonstrated that the nature of co-
stimulatory signals govern the activation state of DAFhi or
DAFlo B cells, respectively.

Phagocytosis of DAFlo Germinal Center B
Cells Is Enhanced in the Presence of
Complement
A previous study demonstrated that DAF-deficient human T cells
accumulate C3d on their cell surfaces in vitro (20), and that this can
facilitate phagocytosis (39). Therefore, we hypothesized that DAFlo

GC B cells would be more efficiently phagocytosed than their DAFhi

counterparts, in a complement-dependent manner. To test this
hypothesis, we sorted CFSE-labeled DAFhi and DAFlo GC B cells
and co-cultivated these with primary human macrophages in the
presence of human serum prior or after heat inactivation of
complement. Phagocytosis of B cells was then assessed by
counting Phalloidin+ macrophages that had internalized vesicles
that contained the CFSE dye from the sorted B cells (Figure 5G).
Consistent with our hypothesis, we could show efficient and
complement-dependent phagocytosis of DAFlo GC B cells, in
comparison with DAFhi GC B cells (Figure 5H). Together, these
observations strongly suggest that GC B cells are pre-primed for
complement-dependent phagocytosis, and that this is regulated by a
reduction of DAF on their cell surface.

Modulation of Decay Acclerating Factor
Expression During B Cell Hematopoiesis in
the Bone Marrow
Similar to GC structures in secondary lymphoid organs, the bone
marrow represents another site of extensive B cell proliferation.
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FIGURE 4 | DAF expression on DZ and LZ B cells. (A) Representative gating strategy for light zone (LZ, CD83+ CXCR4−) and dark zone (DZ, CD83− CXCR4+) of
CD19+ CD20+ CD38+ IgD− B cells. (B) Frequency of DAFhi cells within the total GC B cell population and on LZ and DZ GC B cells. Bars represent median with
interquartile range. *P < 0,05 by Wilcoxon signed-rank test. (C) Expression of CD59, CD35, and CD21 on DAFhi or DAFlo GC B cells in DZ (left) or LZ (right).
(D) Expression of CD59, (E) CD46, and (F) CD35 on resting, unswitched activated (Unsw act), DAFhi or DAFlo GC B cells, and memory B cells (left), and
plasmablasts (PB) and plasma cells (PC) (right). Median fluorescence intensity (MFI) is represented as individual dots where lines indicate median with interquartile
range. Data was acquired from multiple patients (n = 6). Bars represent median with interquartile range. *P < 0.05 by Wilcoxon signed-rank test.
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FIGURE 5 | B cell receptor engagement leads to downregulation of DAF on B cells, in vitro. (A) Representative plots for discriminating DAF expression on CD19+

CD20+ B cells 4 days after stimulation with anti-IgM/IgG, CpG, or a combination of both. (B) Quantification of data from (A). N = 6. Median and interquartile range is
shown. (C) Representative plots for discriminating DAF expression on CD19+ CD20+ B cells 4 days after stimulation with anti-IgM/IgG, anti-CD40, IL-4, IL-21, or a
combination of these. (D) Quantification of data from (C). N = 6. Median and interquartile range is shown. Intracellular expression of Blimp1 (E) or Ki67 (F) in DAFhi

and DAFlo B cells after 4-day stimulation with anti-IgM/IgG, CpG, anti-CD40, IL-4, IL-21, or a combination of these. N = 6. Median and interquartile range is shown.
*P < 0,05 by Wilcoxon signed-rank test. (G) Representative image of phalloidin labeled primary human macrophages (magenta), CFSE stained sorted B cells (green),
and phagocytosed B cells (magenta and green). (H) Quantification of phagocytosed B cells after co-incubation of sorted and CFSE labeled DAFhi and DAFlo GC B
cells with human serum before or after heat inactivation (HI). Two hundred macrophages were counted per slide and cells double positive for CFSE and phalloidin
were considered phagocytosing. Data from three independent experiments is shown (GC B cells from three unique individuals). Mean and standard error of mean is
shown. *P < 0,05; **P < 0,01; ****P < 0,0001 by Mann-Whitney test.
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FIGURE 6 | Regulation of DAF expression during B cell hematopoiesis. (A–C) Flow cytometric analysis of human bone marrow aspirates. Shown are (A) PCs
(CD19+ CD38hi) and B cells (CD19+ CD38dim/lo), (B) Pro-B cells (CD34+ CD10+), and (C) Pre-B1 cells (CD10+ CD20−), pre-B2 cells (CD10+ CD20+), transitional B
cells (Tran, CD10dim CD20++), and mature B cells (CD10− CD20++). (D) Representative histogram of DAF expression from respective B cell subset in bone marrow.
The line indicates the cutoff for determination of high or low DAF expression. (E, F) Quantification of data from (D). Shown is median with interquartile range. n.s.,
non-significant. N = 8.
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To understand if DAF may play a role also in early B cell
development, we obtained human bone marrow samples from
routine biopsies and stratified the stages of B cell development by
flow cytometry (40). Briefly, we separated PCs (CD19+ CD38hi)
from other B cells and precursors (CD19+ CD38dim/lo) (Figure
6A). Pro-B cells were identified as CD34+ CD10+ (Figure 6B).
Then, we used CD20 and CD10 identify Pre-B1 cells (CD10+

CD20−), pre-B2 cells (CD10+ CD20+), transitional B cells
(CD10dim CD20++), and naive B cells (CD10− CD20++) (Figure
6C). The pre-B2 subset could then be further divided into large
and small cells, based on forward scatter. Subsequent assessment
of DAF on the different B cell populations revealed that surface
expression of DAF was low from the Pro-B stage until the large
immature stage, where the expression followed a bimodal pattern
(Figure 6D). Small pre-B2 cells showed uniformly low
expression of DAF whereas large pre-B2 cells showed a
bimodal pattern of DAF expression. From the transitional B
cell subset and onward, DAF expression was uniformly high,
where PCs demonstrated the highest surface expression of DAF.
Both MFI and %DAFhi cells of parent followed this pattern
throughout the developmental stages (Figures 6E, F). Together,
these data demonstrate that DAF is upregulated on a fraction of
cells at a late developmental stage where testing of the pre-BCR
or formation of a functional BCR occurs. These data demonstrate
that, similar to GCs, DAF is regulated also during B cell
development in the bone marrow.
DISCUSSION

The complement regulatory protein DAF is well known to inhibit
complement activation on cell surfaces. Here, we demonstrate that
human GC B cells downregulate DAF on their cell surfaces, and
that one function of this downregulation is to prime GC B cells for
complement-dependent phagocytosis.

Our transcriptional data suggest that the distribution of
DAFlo and DAFhi GC B cells are located in both the DZ and
LZ of the GC structure. Based on the preferential transcription of
AICDA, FOXO1, and BACH2, DAFlo GC B cells in the DZ
undergo somatic hypermutation. Moreover, we could also
decipher that DAFhi GC B cells that are located in the LZ
comprise cells that express PRDM1 and IRF4, that are
associated with PC differentiation. This was corroborated by
upregulation of Blimp1 on the protein level. Since transcription
of both MYC and PRDM1-1 was elevated among the sorted
DAFhi GC B cells, and that expression of these genes are
reciprocal for plasma cell development (41), this demonstrated
that DAFhi GC B cell population also comprise other subsets of
GC B cells. However, our findings suggest that DAF expression,
in concert with Blimp1, can be used to identify and further study
early differentiation steps for GC-derived PC development.

Our in vitro experiments demonstrated that B cells
downregulate surface expression of DAF after BCR engagement
alone. This is consistent with our data that show downregulation
of DAF on fractions of unswitched activated or memory B cells in
circulation and in tonsils. We initially had a hypothesis that DAF
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would be upregulated on GC B cells that undergo successful
selection, but addition of anti-CD40 to mimic interaction with T
cells did only minorly affect DAF expression, and then only in
concert with addition of IL-21. Instead, we found that addition of
anti-CD40, IL4, or IL21 preferentially led to an upregulation of
Ki67 on DAFlo B cells. Since entry of activated B cells into GC
occurs via a T cell dependent checkpoint (42), this could explain
why 80–90% of all GC B cells are DAFlo. However, during the on-
going GC reaction, DAF expression may be regulated largely
independent from T cell-dependent selection. In contrast, CpG
lead to upregulation of Ki67 on both DAFhi and DAFlo B cells. It is
therefore possible that T cell-dependent or independent responses
have different requirements for modulation of DAF after
activation. In this study, we did not find an overall
downregulation of the CD55 gene on cells with low surface
expression of DAF. This suggests that surface expression of
DAF is regulated either by post-translational cleavage or by
alternative splicing (43) and studies are on-going to clarify the
regulation of DAF.

The complement system is involved in both innate and
adaptive immune responses but it also facilitates the removal
of dead or dying cells via a non-inflammatory process (44).
Products of cleaved complement protein C3, such as C3b and
C3d, are involved in this process (18). The abundance of C3d in
GCs is partially explained by the critical role of C3d for transport
of immune complexes into lymphoid follicles and activation of
antigen-specific follicular B cells (45). However, data from
several early investigations has suggested that GCs may be
subject to a local complement cascade, including attachment of
complement to cells (46, 47). The low DAF expression on GC B
cells may explain this, as this would allow for attachment of C3b
on cell surfaces (18). Since our flow cytometric data was
generated after gating on viable cells (Supplementary Figure
S2), they demonstrate that downregulation of DAF had not led
to apoptosis, nor lysis via the membrane-attack complex. This
latter may be explained by consistent expression of CD59 on GC
B cells to hinder the generation of the membrane attack complex
by inhibition of C5 convertase (48). It has been described that
regulation of complement receptors on GC B cells can influence
the threshold for BCR-mediated activation (26), enhance antigen
uptake (49), and also facilitate the attachment of these fragments
onto B cells (50). We also found that DAF expression was
modulated during B cell hematopoiesis in the bone marrow.
This opens up a possibility that regulation of DAF may serve a
similar function during B cell development as we show for GC B
cells; to prime cells for phagocytosis.

Here, we demonstrate a role of DAF for phagocytosis of GC B
cells. While we did not investigate if modulation of DAF could
have other beneficial functions for GC B cells, DAF deficient
mouse macrophages and dendritic cells have been shown to
present antigen more efficiently to T cells than their DAF
expressing counterparts (51). It is therefore possible that the
regulation of DAF may serve a dual role where it also allows
activated GC B cells to more easily interact with T cells. This
would also be in line with previous observations that
complement interaction facilitates antigen uptake in mouse B
January 2021 | Volume 11 | Article 599647
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cells (49). Hence, studies of cell-specific regulation in small
animals will likely be required to fully dissect the impact of
DAF on the regulation of humoral immune responses.

Collectively, our data demonstrates a novel role of DAF for
regulation of phagocytosis of GC B cells and that modulation of
DAF may also play an important role during B cell development.
This may explain how B cell homeostasis is maintained at
locations where extensive proliferation and apoptosis occurs.
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Primary HIV infection (PHI) and subsequent chronic infection alter B-cell compartment.
However, longitudinal analysis defining the dynamics of B-cell alterations are still limited.
We longitudinally studied B-cell subsets in individuals followed for 1 year after PHI (n = 40).
Treated and untreated chronic HIV infected (n = 56) and HIV-uninfected individuals (n = 58)
were recruited as reference groups at the Manhiça District in Mozambique. B cells were
analyzed by multicolor flow-cytometry. Anti-HIV humoral response and plasma cytokines
were assessed by ELISA or Luminex-based technology. A generalized activation of B cells
induced by HIV occurs early after infection and is characterized by increases in Activated
and Tissue-like memory cells, decreases in IgM-IgD- (switched) and IgM-only B cells.
These alterations remain mostly stable until chronic infection and are reverted in part by
ART. In contrast, other parameters followed particular dynamics: PD-1 expression in
memory cells decreases progressively during the first year of infection, Transitional B cells
expand at month 3–4 after infection, and Marginal zone-like B cells show a late depletion.
Plasmablasts expand 2 months after infection linked to plasma viral load and anti-p24
IgG3 responses. Most of well-defined changes induced by HIV in B-cell activation and
memory subsets are readily observed after PHI, lasting until ART initiation. However,
subsequent changes occur after sustained viral infection. These data indicate that HIV
infection impacts B cells in several waves over time, and highlight that early treatment
would result in beneficial effects on the B-cell compartment.
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INTRODUCTION

HIV infection mainly targets myeloid and CD4+ T cells (1);
however, the damage infringed by chronic viral replication
spreads to the whole immune system, including CD8 T cells
and B cells (2, 3). For T and B-cell compartments, a generalized
hyper-activation status has been widely described, that
specifically in B cells is characterized by an increased frequency
of activated memory cells and hypergammaglobulinemia (4). A
large number of studies have provided a detailed description of
the impact of chronic HIV infection (CHI) on the phenotype and
function of B cells [excellently reviewed in (5)], demonstrating
that the homeostasis of B-cell subsets is drastically affected by
CHI resulting in expansion of immature/transitional cells (6),
activated memory cells, and differentiated plasmablasts (4).
Perturbations of mature B cells include an impact on naïve
cells, that are reduced in number and function early after HIV
infection (7), and memory B cells, which seem to be the most
affected subset, showing lower numbers of switched IgM-IgD-
memory cells, expansion of IgM-only memory cells (8) and an
aberrant Tissue-like memory (TLM) repertoire (9). Besides
altering B-cell subsets, HIV infection also impairs B-cell
function. The expression of the check-point receptor
programmed cell-death protein 1 (PD-1) has been widely
associated with B-cell dysfunction and increased levels of this
marker have been described in primary HIV infection (PHI) (7)
and CHI (10, 11). PD-1 may impact general (12) and specific
anti-HIV humoral responses by affecting different subsets,
including TLM cells, which appear to encompass an important
fraction of HIV specific B cells (13). B-cell dysfunction affects
both T-dependent and independent responses. The latter is
controlled by the Marginal Zone-like (MZ-like) B-cell
population, which is reduced in CHI individuals, although the
splenic function seem to be maintained (8).

As for other viral infections, PHI induces a rapid immune
response including sequentially: a prominent response of
inflammatory cytokines (the “cytokine storm”) (14), followed
by a rapid expansion and activation of CD8 T cells and antibody
secreting cells (plasmablast) (7, 14, 15). However, the challenges
of identifying PHI and the lack of longitudinal studies addressing
B-cell phenotypes and function in recently HIV infected patients
have resulted in a lack of information on the timing of events
leading to chronic B-cell damage after HIV-infection, especially
in Sub-Saharan African populations (16). Studies addressing
early/acute or hyperacute HIV-infected PHI individuals
indicate early alterations of B cells similar to those reported in
chronic infection (7, 17); however, the impact of such early
alterations on humoral responses to HIV (17) and on chronic B-
cell dysfunction are still poorly defined (18, 19). Interestingly,
antiretroviral treatment (ART) fails to fully normalize B-cell
dysfunction (8), including lack of response to vaccines which
remain impaired in treated HIV-infected individuals (20).

In this study, we provide a longitudinal characterization of
different B-cell subsets over the first year after PHI in a cohort of
Mozambican adults and we compare these changes with CHI
individuals, either ART-naïve or treated, and HIV-uninfected
subjects. Additionally, we explore the association of B-cell
Frontiers in Immunology | www.frontiersin.org 237
alterations with cytokine and humoral responses elicited
against HIV. Our data suggest the occurrence of a multi-wave
immunological B-cell damage, characterized by early activation
associated with antiviral responses and subsequent events that
extend several months after viral setpoint has been achieved.
MATERIAL AND METHODS

Study Population
The present study is a sub-analysis of a prospective cohort of
primary HIV-infected adults enrolled and followed up for 12
months in the Gastro-intestinal biomarkers in Acute-HIV
infected Mozambican Adults (GAMA) study (15, 21–23). The
study population was enrolled between 2013 and 2014 at the
Manhiça District Hospital (MDH) in Southern Mozambique
(15, 22).

Participants (>18 years of age) were screened at the outpatient
clinic of MDH for non-specific febrile symptoms or voluntary
HIV testing. PHI participants (n = 57) were identified by
negative or indeterminate rapid serology test and positive
HIV-RNA test. A control population was established by
randomly selecting HIV-uninfected individuals at the
outpatient clinic (n = 58). Additionally, adults with
documented HIV diagnosis for more than 12 months
attending routine scheduled visits were enrolled as CHI
patients. CHI patients were included as ART-naïve or treated,
depending whether they had previously initiated treatment
according to the national guidelines at recruitment (ART was
provided to individuals with a CD4 T-cell count ≤350 cells/mm3
or presenting AIDS-associated diseases). A subset of PHI
individuals (n = 44) were followed up for 12 months as
previously described (15). Briefly, only plasma samples were
available at PHI recruitment, while follow-up samples
from month 2 (M2) to month 12 post infection (M12), CHI
and HIV-uninfected individuals included stool and
cryopreserved PBMC samples, which were used for B-cell
immunophenotyping. Sample timepoints were adjusted by
Fiebig stage as described (15).

After recruitment, demographic and clinical data was
collected and medical consultation and HIV counseling was
provided to all participants. CD4 and CD8 T-cell counts in
fresh blood was determined using Trucount tubes and a
FACScalibur flow cytometer. PBMCs were isolated by Ficoll
density gradient and were stored in liquid nitrogen. Plasma
Viral Load (VL) determination was performed as previously
described (15). Additional testing for most prevalent infections
in the area, including malaria, hepatitis B virus (HBV), syphilis,
gastro-intestinal protozoa, bacteria, and parasites was also
performed (15).

Multiplex biomarker profiling was performed for a total of 61
immune response inflammatory biomarkers in plasma samples
(22, 23). In parallel, humoral responses against HIV proteins
Env, Gag, and Integrase (In) were determined by Luminex based
technology in plasma samples (22). The phenotype of peripheral
T cells was previously described (15).
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B-Cell Immunephenotyping
Cryopreserved PBMCs were thawed at 37°C, washed in RPMI/60%
and RPMI/20% of fetal bovine serum (FBS), and incubated for 1 h at
37°C in RPMI/10%FBS. PBMCs were then stained with the Fixable
Viability Stain-FVS780r (APC-H7 detect, BD Biosciences) for 15
mins. After PBMCs washing in PBS/1%FBS, cells were incubated in
a U-bottom 96-well plate at a density of 1.5 million/well and stained
with selected 14-color panel including: anti-CD19-AF700 (Clone
HIB19), anti-IgD-Pe-Cy7 (Clone IA6-2), anti-IgM-BB515 (Clone
G-20-127), polyclonal goat anti-IgA-Dylight®649 (from Jackson
Immunoresearch), CD10-BV650 (Clone H10a), CD21-PE-CF594
(Clone B-LY4), CD27-BV510 (Clone L128), CD38-BV786 (Clone
HIT2), CD45-RB-PE (Clone MT4), CD86-PerCP-Cy5.5 (Clone
2331), CD279 (PD-1)-BV421 (Clone EH12.1), all from BD
Biosciences unless indicated, for 15 mins. After washing twice in
PBS/1% FBS, cells were fixed in PBS/1% formaldehyde, acquired in
a BD LSRFortessa (BD Biosciences) cytometer using a plate HTS
loader (BD Biosciences) and analyzed with FlowJo software (Tree
Star). Gating strategy is described in Supplementary Figure 1.
Lymphocyte gate was defined manually by morphological
parameters excluding non-viable cells. B cells were identified as
CD19+ CD21+/− cells and gated according to the expression of
different markers to identify B-cell maturation stages as described in
Supplementary Figure 1.

Statistical Analysis
Intergroup comparisons were performed using the Fisher exact test
for categorical variables and the non-parametric Kruskal-Wallis test
for continuous variables, using Dunn’s test for post-hoc pairwise
comparisons. Spearman’s correlation was used to assess correlations
between continuous variables and multiple testing was further
adjusted by False Discovery Rate (FDR). Relative changes (Z-
score) with respect to the control (HIV-uninfected) group have
been represented by a transformation of the fitted longitudinal
models by subtracting the mean and dividing by the standard
deviation of Control group distribution (logarithmic transformation
was used for non-normal distributions). Longitudinal models for
the different immunological variables were modeled by fitting
smoothing-splines mixed-effects models using the “sme” package
of R. To infer if there was a significant association of selected
biomarkers with the time variable, polynomial time effects
approximation until third degree were fitted using linear mixed-
effects regression models. Best model was selected based on
likelihood-ratio tests under maximum likelihood model
estimations. Statistical analyses were performed using R-3.3.1 and
Stata14 software.
RESULTS

Characteristics of the Study Population
From the 57 individuals identified as PHI, 44 attended the follow-up
visits and provided blood samples for PBMC isolation and
subsequent B-cell subset analysis. Among them 21, 5, 7, and 11
were categorized into Fiebig I-III, Fiebig IV, Fiebig V, and Fiebig VI
stages, respectively, and were adjusted for time since infection as
Frontiers in Immunology | www.frontiersin.org 338
described previously (15). Fifty-eight HIV-uninfected individuals
were randomly selected from screened negative individuals and 56
CHI individuals were recruited at the Manhiça District Hospital, 26
of them were untreated (CHI-naïve) and 30 were on ART (CHI-
ART). The demographic and clinical characteristics of the 40 PHI
individuals who started follow-up, the HIV-uninfected and the CHI
groups, have been previously described (15). Briefly, PHI
individuals were mostly young (mean 27-year-old), females
(60%), and most prevalent co-infections were HBV, intestinal
infections, syphilis, and malaria [<20% of recruited individuals
presented some of these infections, Supplementary Table 1 (15)].

After adjusting for time since infection according to Fiebig
stage, peak VL was identified at 1 month after infection, M1)
with a median VL value of 6.9 RNA Log10 copies/ml (IQR 6.2–
7.5), rapidly stabilizing afterwards (Figure 1A, gray line) (15).
CD4 T-cell counts were significantly lower in PHI as compared
to HIV-uninfected individuals (median 565 cells/µl at M2 after
infection and 855 cells/µl, respectively, p < 0.001) and remained
stable over the first year of infection (15). CD8 T cells showed
maximal expansion at M2 and slowly decreased until M5-6 to
achieve the immunological setpoint (15).

Dynamics of B-Cell Subsets and
Association With Viral Pathogenesis
We initially analyzed the frequency of B cells (CD19+) and their
functionally distinct subsets defined by CD21 and CD27
expression: Naïve cells (CD21+CD27−), resting memory cells
(CD21+CD27+), activate memory cells (CD21–CD27+), and
TLM cells (CD21−CD27−). The dynamics of the different
populations along the first year of HIV-infection was analyzed
using non-parametric and linear regression modeling as
described (15).

No significant changes in the frequency of B cells were
observed over PHI (Figures 1A, B). However, frequencies of
the main B-cell subsets rapidly changed after infection compared
to HIV-uninfected individuals, with a significant reduction in
naïve and resting memory cells at M2 (p < 0.01), concomitant to
expansions of activated and TLM cells (p < 0.005). Most changes
remained stable over the first year of infection with no significant
differences between M2 and M12 after infection (Figure 1).
Consistently, similar alterations remained in CHI-naïve, being
partially reverted in CHI-ART individuals (Figures 1C–J).

The initial alterations of B cell were associated with clinical
and immunological parameters. The expansion of activated
memory B cells observed at M2 negatively correlated with CD4
T-cell frequency (p = 0.022), positively correlated with CD8 T-
cell activation (HLA-DR+CD38+ cells, p = 0.033), and showed a
positive trend with VL that did not reach statistical significance.
A similar observation was noticed for the early increase of TLM
cells, although in this case only the negative association with CD4
T cells was significant (p = 0.043, Figure 2).

Dynamics of PD-1 Expression
The expression dynamics of PD-1 was characterized in the
above-defined B-cell subsets. As compared to HIV-uninfected
individuals, naïve and resting memory cells in PHI showed an
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FIGURE 1 | Dynamics of main B-cell subsets after HIV infection. Left panels show individual data observations, median, IQR (box), and min/max values (bars,
except for outliers) across the different timepoints and study groups: HIV-uninfected (green), primary HIV infected (red, M indicates months after infection), and
chronically naïve (CHI-naïve) or treated (CHI-ART) HIV infected individuals (light and dark blue respectively). Gray line represents the profile of VL dynamics for clinical
reference. Right panels show the modeled dynamics as Z-score values for PHI individuals over HIV-uninfected individuals. Solid lines show non-parametric models,
while dotted lines indicate the best fitting for polynomial time effects regression approximation. The frequency of total B cells (A, B) and the different subsets defined
by CD21 and CD27 markers (C–J) is shown as percentage. ns non significant; *p < 0.05; **p < 0.01; ***p < 0.005.
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early (M2) increase of PD-1 expression at M2 that was only
significant for resting memory cells (p < 0.01), while this
expression was normalized in CHI-ART (Figures 3A–D). In
contrast, the PD-1 expression in activated and TLM B cells was
not significantly different at M2 as compared to HIV-uninfected
individuals, showing a progressive decrease during PHI. Also, the
PD-1 expression in these two subsets was significantly lower in
CHI-naïve (p < 0.01) and seemed to be not normalized in CHI-
ART individuals, as compared to HIV-uninfected individuals
(Figures 3E–H).

Analysis of IgM/IgD Subsets
To further define the dynamics of memory B cells, we next
analyzed the changes in B-cell subsets defined by the expression
of IgM and IgD. The IgM+IgD+ subpopulation remained stable
over PHI showing values similar to HIV-uninfected or CHI
individuals (Figures 4A, B). In contrast, double negative
switched, IgD-only and IgM-only B-cell subsets, were rapidly
altered after HIV infection. The frequency of IgM-only B cells
significantly increased at M2, as compared to HIV-uninfected
individuals (p < 0.001 and p < 0.05, respectively), and remained
stable over PHI and CHI, being partly recovered in CHI-ART
(Figures 4C, D). An opposite behavior was observed for IgD-
only and switched B cells, whose frequency significantly
decreased after infection as compared to HIV-uninfected
Frontiers in Immunology | www.frontiersin.org 540
individuals (p < 0.05 and p < 0.001, respectively), and
remained stable over PHI and CHI, being also recovered in
CHI-ART individuals (Figures 4E–H).

Dynamics of Transitional and Marginal
Zone-Like B Cells
In addition to the classical memory/naïve B-cell classification, we
also explored the dynamics of other relevant subsets in B-cell
function, known to be altered after HIV infection (7, 24). First,
we analyzed the frequency of Transitional B cells, which are
defined as CD19+CD10+CD38+CD27− cells (Supplementary
Figure 1) and identify an intermediate state between immature
and mature B cells. The frequency of Transitional B cells showed
a complex behavior over PHI, with a significant increase after 3
months of HIV infection compared to M2 and uninfected
individuals (p < 0.05 in both cases). This delayed expansion
was followed by a stepwise return to values of uninfected
individuals at M12. Despite this observation, transitional cells
were significantly increased in CHI-naïve and normalized in
CHI-ART, as compared to HIV-uninfected individuals (Figures
5A, B).

A second relevant subset is defined by CD19+CD27+IgD
+CD21+ and identifies innate-like or MZ-like B cells, which are
involved in T-cell independent B-cell responses. The frequency
of MZ-like-B cells showed a unique behavior among B-cell
A

B

FIGURE 2 | Association of B-cell activation with viral and immunological parameters. The alterations in Activated Memory (A) and TLM (B) B cells at
month 2 after infection was correlated with virological and immunological parameters at the same timepoint: Plasma viral load (VL) as RNA Log10 copies/
ml, CD4 depletion (frequency of CD4 T cells), and CD8 activation (frequency of HLA-DR+CD38+ CD8 T cells). Spearman r and p values are shown in
each graph.
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subsets, with a remarkable stability over the first year of HIV
infection and a significant decline in untreated CHI, as
compared to HIV-uninfected individuals. Notably, this late
depletion of MZ-like B cells seemed to be irreversible since it
was not recovered in CHI-ART individuals (Figures 5C, D).
Frontiers in Immunology | www.frontiersin.org 641
Dynamics of Plasmablast Expansion
and Association With Cytokine and
Humoral Responses
Finally, we addressed the dynamics of antibody secreting cells
(plasmablast, CD38++CD27++ CD19+ cells). These cells showed
A
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FIGURE 3 | Dynamics of PD-1 expression in main B-cell subsets after HIV infection. As in Figure 1, left panels show individual data, median, IQR (box) and min/
max values (bars, except for outliers) across the different timepoints and study groups: HIV uninfected (green), acutely HIV infected (red, M indicates month after
primoinfection), and chronic untreated or treated HIV infected individuals (dark and light blue respectively). Gray line represents the profile of VL dynamics for
reference. Right panels show the modeled dynamics as Z-score values for PHI individuals over HIV-uninfected individuals. Solid lines show non-parametric models,
while dotted lines indicate the best fitting for polynomial time effects regression approximation. The frequency of PD-1+ cells in the indicated subsets defined by
CD21 and CD27 markers (A–H) is shown. ns non significant; *p < 0.05; **p < 0.01.
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an early significant expansion at M2 compared to uninfected
individuals (p < 0.0005), expansion was transient and
progressively declined until month 7–8, remaining stable
afterwards (Figures 6A, B). To better describe the association
of early plasmablast expansion and the elicitation of anti-HIV
humoral responses, we analyzed the correlation of the frequency
of plasmablasts at the peak (M2) with the IgG and IgA expression
Frontiers in Immunology | www.frontiersin.org 742
levels against three different viral antigens (the envelope
glycoprotein subunit gp41, the gag Capsid protein p24, and the
pol p31 integrase, Figure 6C). The IgG3 response against p24
showed the highest correlation with the plasmablast frequency
(r = 0.54, p = 0.0085), while there was no significant association
with any other of HIV-specific responses. Then, the association
of plasmablast frequencies with the VL and cytokine levels was
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FIGURE 4 | Early loss of switched B cells and IgD-only B cells. As in Figure 1, left panels show individual data, median, IQR (box), and min/max values (bars, except for
outliers) across the different timepoints and study groups: HIV uninfected (green), acutely HIV infected (red, M indicates month after primoinfection), and chronic untreated
or treated HIV infected individuals (dark and light blue respectively). Gray line represents the profile of VL dynamics for reference. Right panels show the modeled
dynamics as Z-score values for PHI individuals over HIV-uninfected individuals. Solid lines show non-parametric models, while dotted lines indicate the best fitting for
polynomial time effects regression approximation. The frequency of the different B-cell subsets defined by IgD and IgM expression (A–H) is shown. ns non significant;
*p < 0.05; **p < 0.01; ***p < 0.005.
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analyzed at M1 and M2 after infection. The frequency of
plasmablasts positively correlated with VL at M2 (r = 0.513, p
= 0.0146) after infection, but poorly with peak VL at M1 (r =
0.148, p = 0.509). From the wide range of analyzed cytokines,
negative correlations were only significant for CXCL16 and
sCD23 at M1 (r = −0.43, p = 0.0434), while the most
significant positive correlation with plasmablast frequencies
was found for GCSF at M1 (r = −0.57, p = 0.0054),. Additional
significant positive correlations at M1 were observed for MCP-1,
IFN-alpha, TNF-alpha, and IL-8 (p < 0.05). At M2, only IL-12,
IL-8, and MCP-1 were positively associated with plasmablast
frequencies (p < 0.05), being IL-12 the most significant (r =
−0.55, p = 0.0087, Figure 6D).
DISCUSSION

We conducted a wide analysis of B-cell populations in peripheral
blood of PHI individuals over the first year of infection. Our
main objective was to characterize the dynamics of B-cell subsets
during early HIV infection and evaluate their association with
humoral and inflammatory responses.

Previous studies reported changes in the distribution of
CD21and CD27 expression by B cells in chronic or early HIV
infection (5, 8, 9). Our data indicate similar changes in AHI,
mainly characterized by a decrease in naïve and resting memory
cells and an increase in activated and TLM B cells. We
Frontiers in Immunology | www.frontiersin.org 843
additionally show that these changes are commonly sustained
over the first year of HIV infection, and maintained in chronic
untreated individuals. The early effect of HIV infection on these
subsets shows some association with CD4 T-cell frequencies and
activated CD8 T cells, suggesting that the earliest changes in B
cells may be associated with the massive viral replication and
CD4 T-cell depletion. In addition to these expected data, changes
in PD-1 expression in these subsets were observed over the
follow-up of PHI individuals. Lower PD-1 expression in Naïve
and Resting memory B cells compared to Activated and TLM
cells has been previously reported (25, 26), along with a partial
decrease in PD-1 expressing memory cells in chronic infection
(26). Consistently, our data indicate a gradual loss of PD-1
expression during PHI. This observation is particularly
interesting, given the prominent role of PD-1 in B-cell
depletion during acute HIV infection (27). However, the
specific role of PD-1 may be modulated by the expression of a
wide range of other inhibitory receptors (LAIR-1, CD22. CD32b,
FCRL4, CD85), which are also perturbed by HIV infection (11),
and may therefore contribute to the unresponsive state of B cells
and to reduce the lifespan of these cells (28).

The analysis of IgM and IgD expression in B cells showed an
increase in IgM only cells and a decrease in IgD only and
switched (IgM-IgD-) cells, as previously described (8). These
changes showed a stable kinetics over PHI and chronic infection
with a slight recovery in individuals that initiated ART,
suggesting again that early events in HIV infection lead to
A
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D
C

FIGURE 5 | Late impact on Transitional and Marginal Zone-like B cells. As in Figure 1, left panels show individual data, median, IQR (box), and min/max values
(bars, except for outliers) across the different timepoints and study groups: HIV uninfected (green), acutely HIV infected (red, M indicates month after primoinfection),
and chronic untreated or treated HIV infected individuals (dark and light blue respectively). Gray line represents the profile of VL dynamics for reference. Right panels
show the modeled dynamics as Z-score values for PHI individuals over HIV-uninfected individuals. Solid lines show non-parametric models, while dotted lines
indicate the best fitting for polynomial time effects regression approximation. The frequency of Transitional B cells (CD21+CD10+CD38+CD27−, A, B) and Marginal
Zone-like B cells (CD27+IgD+CD21+, C, D) is shown. ns non significant; **p < 0.01; ***p < 0.005.
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long-lasting immune perturbations. In contrast, Transitional and
MZ-like B cells showed no significant differences at M2 early
after HIV infection but later changes over the course of the
infection, as compared to levels in HIV-uninfected individuals.
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Transitional B cells, a heterogeneous pool of pre-mature B cells
(29), peaked at month 3–4 post infection and normalized
afterwards, while levels were significantly increased in CHI-
naïve individuals, as reported by others (6). Although
A B

DC

FIGURE 6 | Dynamics of plasmablasts and association with immune responses. As in Figure 1, (A) shows individual data, median, IQR (box) and min/max values
(bars, except for outliers) across the different timepoints and study groups: HIV uninfected (green), primary HIV infected (red, M indicates months after infection), and
chronically naive and ART-treated HIV infected individuals (dark and light blue respectively). Gray line represents the profile of VL dynamics for clinical reference.
(B) shows the modeled dynamics as Z-score values for PHI individuals over HIV-uninfected individuals. Solid lines show non-parametric models, while dotted lines
indicate the best fitting for polynomial time effects regression approximation. (C, D) show the correlation of the plasmablasts’ frequency at month 2 after infection
with the specific humoral responses against HIV proteins and with the levels of cytokines at 1 or 2 months after infection. Color code for correlation coefficients are
shown in each panel (upper left corner). ns non significant; **p < 0.01; ***p < 0.005.
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homeostatic mechanisms could be behind this observation, it is
unclear whether these mechanisms are triggered by rapid effects
of HIV infection on B-cell survival or by the cytokine storm
associated with PHI. Indeed, the frequency of Transitional B cells
has been associated with plasma levels of IL-7 (30), a cytokine
that is upregulated in acute (31) and chronic HIV infection.
Unfortunately, we could not evaluate such an association in our
cohort because IL-7 was not quantifiable in more than 75% of the
samples and was therefore excluded from the analysis. A second
particular dynamics was observed for MZ-like B cells. These cells
are involved in T-cell independent responses in spleen (32) and
its depletion in HIV infected individuals has been largely
documented (7, 8, 33). However, our data show that MZ-like B
cells remain stable over early infection, at least until 1 year, and
they only irreversibly decline in chronic phases as compared to
levels in HIV-uninfected individuals.

Finally, plasmablast dynamics showed early expansion until
month 6 after infection (34). An in-depth analysis at the peak of
plasmablast expansion showed a positive correlation with the
levels of IgG3 anti-p24 antibodies, suggesting a predominant
response to this antigen. Consistently, previous studies have
shown that HIV-specific IgG3 responses, in particular against
p55Gag, peak during acute HIV infection (22, 35). In addition,
levels of some cytokines showed certain association with
plasmablast expansion. While positive associations were
observed for most inflammatory cytokines, in particular IL-12,
which is involved in B-cell differentiation (36), this could be
explained by the parallel association with VL, suggesting antigen
driven expansion. Of particular interest is the negative
association observed for the levels of sCD23 and to a lesser
extent CXCL6. Previous data in this cohort showed that plasma
sCD23 levels were significantly decreased prior to seroconversion
(22), which could explain the negative correlation. However, the
functional implications are unclear and maybe related to the
complex modulation of Th2 responses in which IgE and its
receptor CD23 have been recently involved (37).

Although our study provides new insights on the dynamics of
B cells during PHI, it has several limitations. First, due to study
design, no data on B-cell subsets was available at the peak of
viremia (M1), compromising the identification of earliest B-cell
changes, such as the peak of plasmablast expansion, reported at
day 7 post infection (17) or the rapid changes in PD-1 expression
(27). Furthermore, differences found in the CHI groups could be
influenced by older age and the national guidelines at the
moment of the study (2013–2014) that recommended ART
initiation in patients with CD4 T-cell counts ≤350 cells/mm3

or presenting with an AIDS-defining event. Late ART initiation
and age are known to impact immune status and immune
recovery in HIV infected individuals (38, 39), thus potentially
biasing the naïve and ART-treated CHI groups. A final limitation
is associated with the loss to follow-up of PHI individuals.
Although common in rural settings (56), low retention rate
was further affected in our study by migration and pregnancy.

In conclusion, our data suggest that the effects of HIV
infection on B cells occur in different waves. Early changes
involve B-cell activation and are maintained over early and
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chronic infection. Transient changes were observed in
plasmablasts and transitional B cells (peaking at month 2 and
month 3–4, respectively), while a late wave of effects impact
specifically MZ-like B cells, which are stable over the first year of
infection but drop in chronic infection. Our data also showed
complex dynamics of check point receptor PD-1, whose changes
extend beyond virological and immunological setpoint
(occurring at M3 and 6, respectively). Further detrimental
events for B cells were associated with sustained viral
replication, in particular MZ-like B-cell depletion and
progressive damage of resting and switched memory B cells.
Therefore, we postulate that several waves of cytopathic events
affect B cells over the course of HIV infection, leading to the
impaired responses to vaccines or antigens (either T-dependent
or independent) in chronic infection. These observations further
highlight the need for early ART initiation, which is known to
minimize immune B-cell damage and recover B-cell function
(40, 41).
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Circulating CD11c+ B cells are a key phenomenon in certain types of autoimmunity but
have also been described in the context of regular immune responses (i.e., infections,
vaccination). Using mass cytometry to profile 46 different markers on individual immune
cells, we systematically initially confirmed the presence of increased CD11c+ B cells in
the blood of systemic lupus erythematosus (SLE) patients. Notably, significant differences
in the expression of CD21, CD27, and CD38 became apparent between CD11c− and
CD11c+ B cells. We observed direct correlation of the frequency of CD21−CD27− B
cells and CD21−CD38− B cells with CD11c+ B cells, which were most pronounced
in SLE compared to primary Sjögren’s syndrome patients (pSS) and healthy donors
(HD). Thus, CD11c+ B cells resided mainly within memory subsets and were enriched
in CD27−IgD−, CD21−CD27−, and CD21−CD38− B cell phenotypes. CD11c+ B cells
from all donor groups (SLE, pSS, and HD) showed enhanced CD69, Ki-67, CD45RO,
CD45RA, and CD19 expression, whereas the membrane expression of CXCR5 and
CD21 were diminished. Notably, SLE CD11c+ B cells showed enhanced expression of
the checkpoint molecules CD86, PD1, PDL1, CD137, VISTA, and CTLA-4 compared to
HD. The substantial increase of CD11c+ B cells with a CD21− phenotype co-expressing
distinct activation and checkpoint markers, points to a quantitative increased alternate
(extrafollicular) B cell activation route possibly related to abnormal immune regulation as
seen under the striking inflammatory conditions of SLE which shows a characteristic
PD-1/PD-L1 upregulation.
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INTRODUCTION

B cells play a key role in adaptive immunity through their
ability to produce antibodies and through several antibody-
independent functions such as antigen-presentation and immune
regulation. In chronic autoimmune diseases, such as systemic
lupus erythematosus (SLE) and primary Sjögren’s syndrome
(pSS), a variety of B cell disturbances have been described, among
them, increased CD11c+ B cells (1–3). This population, which
is not uniformly defined yet (4), has been proposed to be a
source of autoreactivity in autoimmune diseases (1). In mice
CD11c expression in B cells is promoted by IFN-γ and IL-21 and
antagonized by IL-4 in TLR7 and TLR9 stimulated B cells (5). In
healthy donors (HD), it has been reported that CD11c+ B cells in
blood display amemory phenotype (6). The current conventional
definition of human circulating memory B cells is based on CD27
and IgD expression to assign memory B cells to CD27+IgD+,
CD27+IgD− and CD27−IgD− (“double negative,” DN) subsets.
As a further marker CD21 has been suggested to reflect the
activation status of memory B cells. CD21 is downregulated in
conditions of chronic immune stimulation, e.g., autoimmune
diseases like SLE (7) and rheumatoid arthritis (8), in primary
immunodeficiency associated with immune dysregulation (9),
infections like HIV (10) and malaria (11), among others.

In this study, we applied a comprehensive integrated
phenotyping using 46 different markers to study CD11c+ B
cells in healthy donors, pSS and SLE patients in order to
identify disease-related quantitative and qualitative differences
of this cellular subset. As a result, we found that CD11c+

B cells are in their majority CD21− and belong to the
memory compartment. CD11c+ B cells display a distinct
phenotype with an increased expression of activation and
checkpoint inhibitory markers. In autoimmune patients and in
particular in SLE, CD11c+ B cells were characteristically enriched
among CD27−IgD−, CD27−CD21− as well as CD21−CD38−

compartments, alongside with increased expression of some
activation and checkpoint inhibitory markers compared to HD
in particular in SLE followed by pSS. These findings point
to circulating CD11c+ CD21low B cells, which abundance is
increased in the blood of SLE and pSS patients, as disease-related
peripheral B cells, likely generated in extrafollicular immune
reactions and escaping physiological immune regulation.

MATERIALS AND METHODS

Study Participants
Blood was drawn from 18 healthy donors (HD), 27 SLE
patients and 22 pSS patients in Lithium Heparin (LiHep)-
anticoagulated and EDTA-anticoagulated tubes (Greiner Bio-
One). Detailed information on patient demographics as well
as clinical and serological parameters are summarized in
Supplementary Tables 1–3. The study has been approved by
the local ethics committee of Charité Universitätsmedizin
Berlin and written consent was obtained from all patients and
healthy donors.

Whole Blood Stainings of Major Subsets
and CD169/SIGLEC-1
Absolute numbers of T, B, and NK cells were assessed with
BD Multitest 6-color TBNK according to the manufacturer’s
instructions (BD Biosciences) using a BD FACS Canto II flow
cytometer. Lysis of EDTA-anti-coagulated blood and staining
for CD169/SIGLEC-1 expression on CD14+ monocytes was
performed as described (12, 13).

Isolation and Storage of Mononuclear Cells
Peripheral blood mononuclear cells (PBMCs) were isolated
from Li-Hep-anticoagulated blood as described previously (14).
Briefly, blood was mixed with PBS (Biochrom) and subjected
to density gradient centrifugation with Ficoll Paque Plus (GE
Healthcare). Collected mononuclear cells were washed twice
with PBS and counted for further experiments. For subsequent
stainings, up to 10 × 106 PBMCs were transferred to FBS/10%
DMSO, frozen to −80◦C in a CoolCell Cell Freezing Container
(Biocision) and stored at−80◦C until further processing.

Staining and CyTOF Acquisition
A total of 2 × 106 PBMCs per sample were plated into 96-
well v bottom plates and washed with PBS (Fluidigm). Cells
were resuspended in 100 µL cisplatin solution (1:2,500 in
PBS; Fluidigm) and incubated for 3min at room temperature.
Fifty microliters cell staining buffer (CSB; Fluidigm) was added
to quench residual Cisplatin. Cells were washed twice with
CSB and fixed with Fix I buffer (1:5 in PBS; Fluidigm) for
10min at room temperature. Cells were washed with CSB and
incubated in 100µL Barcode/Perm buffer (1:10 in PBS; Fluidigm)
supplemented with 2 µL of barcoding reagent (Fluidigm) for
10min at room temperature. Subsequently, cells were washed
with Barcode/Perm buffer and with CSB and pooled in a
1.5mL low protein binding conical tube (Eppendorf). Twenty
microliters of Fc-blocking reagent (130-059-901;Miltenyi Biotec)
was added to the cell pellet. For each duplicated, cells were
resuspended in 300 µL of one of the staining cocktails in PBS
(Supplementary Table 4) and incubated for 30min at room
temperature. Overall, 46 markers could be analyzed in two
stainings with a common backbone of 22 markers. Thereafter,
cells were washed twice with CSB, resuspended in 500 µL
permeabilization buffer (1:10 in water; 00-8333-56; eBioscience)
and incubated for 30min at 4◦C. To block unspecific binding
of antibodies to intracellular targets, cells were blocked with
1% normal rabbit serum (31883) and 1% normal mouse serum
(31880; both Invitrogen) in permeabilization buffer for 15min at
4◦C. Antibodies were added in a total volume of 300 µL in the
presence of 1% rabbit serum and 1%mouse serum and incubated
for 60min at 4◦C. Cells were washed twice with permeabilization
buffer and once with CSB prior to overnight storage in 1mL
intercalator solution (1:6,000 in Perm/Fix buffer; Fluidigm). The
next day, cells were washed three times with CSB and twice with
water to remove any residual protein. Cell count was determined
and cells were diluted with water to a final concentration of 7
× 105 cells/mL. Prior to acquisition, cells were filtered through
a 35µm cell strainer (352235, Corning) and calibration beads
(201078, Fluidigm) were added at a 1:10 ratio (v/v). A Helios
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mass cytometry instrument (Fluidigm) was used for sample
acquisition. Data analysis was performed using the Cytobank
platform. The data were obtained and analyzed according to the
“Guidelines for the use of flow cytometry and cell sorting in
immunological studies” (15).

Data Analysis and Statistics
Flow cytometry data were analyzed using FACSDiva software
(Becton Dickinson) and FlowJo (version 10.6.1, TreeStar). For
the presentation of t-SNE plots, a concatenated file composed of
22.500 B cell from 15 HD, 15 pSS, and 15 SLE (500 downsampled
B cells per donor) with staining panel B was used to ensure
robust comparison of data into both the subsets and the cohorts.
Statistical analyses and graphical presentations were carried out
by using GraphPad Prism Software (GraphPad). For multiple
group comparison two-way ANOVA with Šidák’s post-test for
multiple comparison was used. Spearman correlation coefficient
was calculated to detect possible associations between parameters
or with disease activity. P-values were considered significant
when <0.05. Correlation matrix was calculated using base R and
corrplot package (R Foundation for Statistical Computing) using
Kendall method. Only correlations with p ≤ 0.01 were plotted in
the matrix.

RESULTS

Higher Frequency of CD11c+ B Cells in SLE
To address the frequency, distribution, and phenotype of
peripheral CD11c+ B cells, this study comprehensively analyzed
these characteristics among peripheral blood cells from 18
healthy donors, 22 pSS patients and 27 SLE patients by
mass cytometry, for the expression of overall 46 cell surface
proteins. Gating of CD11c+ B cells is shown in Figure 1A.
The frequency of CD11c+ B cells was significantly increased
in SLE patients compared to HD (p < 0.01; Figure 1B).
This observation validated that the population of interest is
increased in SLE, consistent with conventional flow cytometry
data (1). Interestingly, two-dimension t-SNE plots clustering
all peripheral B cells according to expression patterns of the
parameters analyzed (Figure 1C), showed a similar qualitative
distribution of CD11c+ B cells among the two patient groups
and healthy controls. However, CD11c+ B cells were slightly
increased in pSS (535 events) and showed a significant
enrichment in SLE patients (822 events), as compared to HD (408
events) (Figure 1C) when normalized to an acquisition of 7,500
B cells concatenated from 15 randomly selected individuals of
each group.

Circulating CD11c+ B Cells Lacking CD21
and CD27 Expression Are Enhanced in SLE
and pSS Patients
Initial analyses addressed the frequency of CD11c+ B cells
among certain B cell subsets classified into plasmablast
(CD27+CD38+), transitional (CD24+CD38+) and mature
populations (Figure 2A). Mature B cells were divided according
to CD27 and IgD into CD27−IgD+, CD27+IgD+, CD27+IgD−

and double negative (DN) CD27−IgD− subsets (Figure 2A); or

related to their CD21 and CD27 expression into CD21+CD27−,
CD21+CD27−, CD21−CD27+, and CD21−CD27− B cells
(Figure 2A).

To evaluate the relationship between CD11c+ B cells,
plasmablasts, transitional and mature B cells (the latter
classified according to IgD/CD27 and CD21/CD27 expression),
a correlation matrix was obtained from the three cohorts
(Figure 2B). Of interest, a significant positive correlation
between the frequencies of CD21−CD27− and those of CD11c+

B cells was observed for all patient groups as well as HD.
Interestingly, there was also a correlation between the frequencies
CD11c+ B cells with CD27−IgD− as well as CD27−CD38− B
cells for pSS and SLE patients, respectively, but not for HD
(Figure 2B).

Further analyses revealed a correlation between the
frequencies of CD11c+ and CD21−CD27− B cells both
from HD (r = 0.74, p = 0.0002), pSS (r = 0.60, p = 0.0013) and
SLE patients (r = 0.80, p < 0.0001) (Figure 2C). In addition,
frequencies of CD21−CD38− B cells closely correlated with
those of CD11c+ B cells from all three cohorts (Figure 2C, see
next section). No correlation was found for the frequencies
of CD11c+ B cells and the age of the individual donors, the
expression of Siglec-1 (CD169) on monocytes (as marker of the
type I interferon signature) or the disease activity scores SLEDAI
for SLE and ESSDAI for pSS, respectively (data not shown).
Thus, the data indicate that CD11c+ B cells are more intimately
related but not restricted to atypical memory B cells lacking
CD21 and/or CD38 expression prompting additional studies.

CD11c+ B Cells Are Characteristically
Enriched Within the Atypical B Cells
Lacking Expression of CD21 and CD38
Plasmablasts (CD38+CD27+), transitional (CD38highCD24high)
and CD21+CD27− B cells showed lower frequency of CD11c+

B cells than the overall B cell population. The remaining
three populations exhibited higher frequencies of CD11c+ cells
(Figure 3A) that were even higher than among CD27−IgD− B
cells (Supplementary Figure 1A). Thus, the majority of CD11c+

B cells carried a mature phenotype (>80%). Frequencies of
plasmablasts and transitional subsets among CD11c+ and global
B cell population were similar, with no differences between the
study groups (Figure 3B).

Subsequently, mature B cells and CD11c+ mature B cells
were classified according to their expression of CD27 and
IgD (Figure 2A). In general, frequencies of CD11c+ B cells
were enhanced among all memory B cell subsets across
all cohorts, and low among CD27−IgD+ naïve B cells
(Supplementary Figure 1A). Interestingly, differences between
SLE and pSS patients and HD were found for the three
memory subsets (CD27+IgD+; CD27+IgD− and CD27−IgD−).
In particular, an increased frequency of CD11c+ B cells carrying
a DN (CD27−IgD−) phenotype in SLE compared to pSS
(p < 0.01) and HD (p < 0.0001) was observed, while lower
frequencies of CD11c+ B cells with CD27+IgD+ (pSS and SLE
vs. HD) and CD27+IgD− (SLE vs. pSS and HD) were identified
(Supplementary Figure 1C). Comparison of t-SNE distribution
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FIGURE 1 | Increased CD11c+ B cells in SLE patients. (A) Representative pseudocolor plots of B cells (left) and CD11c+ B cells (right) from a control (HD). (B)
Median of frequency of CD11c+ B cells from 18 HD, 22 pSS and 27 SLE patients, each point represents a donor. Kruskal-Wallis test with Dunn’s post-test. **p <

0.01. (C) t-SNE plots of CD11c+ B cells (Blue) and general B cell (gray) populations. t-SNE was performed from concatenated file composed from 15 HD, 15 pSS and
15 SLE (7,500 events per group). Number of events of CD11c+ and B cells are indicated for each t-SNE plot.

supported the enrichment of CD11c+ B cells among memory
subsets, but especially within CD27−IgD− B cells in SLE patients
(Supplementary Figure 1C).

CD21 has been described to be related to CD11c expression
linked to B cell activation, autoimmunity and as part of
age associated B cells phenotype (16–19). A classification
of B cells according to their CD21 and CD38 expression in
CD21+, CD21−CD38− and CD21−CD38+ further revealed the
characteristics of CD11c+ B cells (Supplementary Figure 2A).
While CD11c+ B cells were substantially lower among
CD21+ B cells, with marked differences between the cohorts
(Supplementary Figure 2B), there was a remarkable enrichment
of CD11c+ B cells among CD21−CD38− B cells. Frequencies of
CD21−CD38− B cells showed a weak correlation with those
of CD11c+ B cells in HD (r = 0.47, p = 0.024), but strong
correlations in pSS (r = 0.82, p = 0.0001) and SLE (r = 0.84, p
< 0.0001), respectively (Figure 2C). This observation suggests a
potential role for the phenotype of CD21−CD38− B cells during
pronounced immune activation as seen in SLE and to a lesser
extent for pSS in contrast to controls.

The frequencies of CD11c+ B cells expressing either CD21
and those which were negative for CD21 and CD38 were
similar in HD (Supplementary Figure 2B). CD11c+ B cells

appeared to be enriched in particular among CD21−CD27+

and CD21−CD27− B cells, compared to the overall B cell
population (Figure 3A). Compared to the overall B cell
population, CD11c+ B cells resided largely among CD21−

subsets (CD21−CD27+and CD21−CD27−) in all three cohorts.
Of particular note, frequencies of CD11c+ B cells carrying the
CD21−CD27− phenotype were increased in SLE compared to
HD (p < 0.001) and pSS (p < 0.01) (Figure 3C). Comparison
of t-SNE distribution of general mature B cells and the
CD11c+ mature B cell population among CD21+CD27−,
CD21+CD27+, CD21−CD27+, and CD21−CD27− populations
of the cohorts is shown in Figure 3D. Here, the characteristic
enrichment of CD11c+ B cells among CD21−CD27− B cells
and within CD21−CD38− B cells (Supplementary Figure 2C)
as characteristics of these cells in SLE became clearly evident
(Figure 3D).

CD11c+ B Cells Express Checkpoint
Molecules Carry - Increased PD-1 and
PD-L1 Mark CD11c+ B Cells in SLE
A particular goal of this study was to identify the checkpoint
molecule expression profile by CD11c+ B cells in autoimmunity.
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FIGURE 2 | Subset characterization of CD11c+ B cells. (A) Representative pseudocolor plots of gating of CD19+ B cells into plasmablasts (left), transitional and
mature B cells (middle left), and representative pseudocolor plots of IgD/CD27 based classification (middle right) and CD21/CD27 based classification of mature B
cells (left) from a HD. (B) Kendall correlation matrix showing the correlation of frequency of each B cell subset (as shown in A) together with CD11c+ B cells from 18
HD (left), 22 pSS (center), and 27 SLE (right). Correlations are represented by red (negative) or blue (positive) circles, referring the size and intensity of color to the
strength of correlation. Only correlations with p ≤ 0.01 are indicated. (C) Spearman rank correlation between CD11c+ with CD21−CD27− (upper left), CD21−CD38−

(lower panel left) and CD27− IgD− (upper panel right) populations from 18 HD, 22 pSS, and 27 SLE, respectively. Each point represents a donor.

As a result, CD11c+ B cells showed a higher activation status
as compared to CD11c− B cells, with increased expression of
CD69 (p < 0.001) and CD86 (p < 0.001) across all three
groups of donors (Figure 4A). CD69 expression of SLE B

cells (p < 0.05) and CD86 expression of B cells from pSS
(p < 0.05) and SLE patients (p < 0.05) were significantly
increased for CD11c+ B cells compared to HD (Figure 4A).
CD11c+ B cells from pSS (p < 0.05) and SLE patients
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FIGURE 3 | Increased frequency of CD11c+ B cells carrying CD21−CD27− phenotype in SLE patients. (A) Representative pseudocolor plots of CD11c expression by
B cell subsets (in CD19+ B cells, plasmablasts, transitional B cells, CD21+CD27−, CD21+CD27+, CD21−CD27+, and CD21−CD27− populations from left to right)
from a HD. (B) Median of frequency of plasmablasts, transitional B cells and mature B cells in overall B cells and CD11c+ B cells from 18 HD, 22 pSS and 27 SLE
patients, each point represents a donor. Two way ANOVA with Šidák’s post-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Median frequency of
CD21/CD27 based phenotypes in mature B cells and CD11c+ mature B cells from 18 HD, 22 pSS and 27 SLE patients, each point represents a donor. Two-way
ANOVA with Šidák’s post-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) t-SNE plots of CD21+CD27−, CD21+CD27+, CD21−CD27+, and
CD21−CD27− populations in general B cells (upper panel) and CD11c+ B cells (lower panel) from HD (left), pSS (middle) and SLE (right) patients. t-SNE was
performed from concatenated files composed from 15 HD, 15 pSS and 15 SLE (7,500 events per group), respectively. The number of events of each subset in B cells
and CD11c+ cells are indicated for each t-SNE plot.
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FIGURE 4 | Distinct expression pattern by CD11c+ B cells. Median signal intensity of (A) Activation and proliferation markers (CD69, CD86, Ki67, and CXCR5), (B)
Checkpoint molecule expression (PD1, PDL1, CD137, CTLA4, CDD226, ICOS, and VISTA) among CD11c− and CD11c+ from 18 HD, 22 pSS and 27 SLE patients,
each point represents a donor. Two-way ANOVA with Šidák’s post-test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

(p < 0.0001) also showed a higher Ki67 expression, when
compared to HD (Figure 4A). Moreover, CD11c+ B cells showed
diminished expression of CXCR5 (p < 0.0001) in all groups
compared to CD11c− B cells, suggesting their routing outside
of germinal centers. Although a remarkably lower CXCR5
expression has been observed in CD11c− B cells from SLE
patients compared to HD (p < 0.0001) and pSS (p < 0.05)
patients, respectively, this alteration was not observed among
CD11c+ B cells (Figure 4A).

A characteristically higher expression of CD45RO (p < 0.001)
and CD19 (p < 0.01) together with a lower expression of
CD38 (p < 0.01) by CD11c+ B cells from all three groups
was detected (Supplementary Figure 3). Furthermore, a higher
expression of CD45RA (p < 0.01) among CD11c+ B cells from
HD and pSS but not SLE was found (Supplementary Figure 3).
In addition, CD45RA expression was lower on CD11c+ B
cells from SLE compared to HD (Supplementary Figure 3).
No differences in IgA, IgG, and IgM expression between
CD11c+ and CD11c− or between study groups were found
(Supplementary Figure 3).

Analysis of the expression of certain checkpoint inhibitors
revealed that CD11c+ B cells had a significantly increased
expression of PDL1 (p < 0.0001), CD137 (4-1BB, p < 0.001),
VISTA (p < 0.05) and CTLA4 (p < 0.05), as compared to

CD11c− B cells (Figure 4B). No striking differences were found
for BTLA and PSGL-1 between CD11c+ and CD11c− B cells
and between groups of patients (Supplementary Figure 3). One
notable difference in terms of checkpoint inhibitor expression
was the increased PD1 expression on CD11c+ B cells in
SLE compared to CD11c− (p < 0.0001) and compared to
CD11c+ B cells from HD (p < 0.0001) and pSS (p <

0.001) patients (Figure 4B). An increased PDL1 expression
was observed among CD11c+ B cells for pSS (p < 0.01)
and SLE (p < 0.0001) compared to controls (Figure 4B).
Overall, enhanced expression of a distinct pattern of checkpoint
molecules (PDL1, CD137, CTLA4, CD226, ICOS, and VISTA)
was a characteristic of CD11c+ B cells, across all groups
studied (Figure 4B). There were no differences in data of
patients classified according to disease activity score, medication
and organ involvement (Supplementary Figure 4 and data
not shown).

In summary, CD11c+ B cells are enhanced among
memory B cell subsets with reduced CD21 and CD38
expression, and a characteristic profile of CD69, CD86,
PDL1, CD137, and CTLA4 expression. Substantially increased
PD1 together with elevated PD-L1expression on CD11c+ B
cells was found as a characteristic and unique finding of SLE
CD11c+ B cells.

Frontiers in Immunology | www.frontiersin.org 7 March 2021 | Volume 12 | Article 63561554

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Rincon-Arevalo et al. Deep Phenotyping of CD11c+ B Cells

DISCUSSION

Although CD11c+ B cells have been suggested as a key player
in autoimmunity, a comprehensive analysis of them including
detailed studies of their checkpoint molecule expression between
different autoimmune conditions had not been undertaken
so far. In this study we have used mass cytometry-based
immunophenotyping to that end. We observed an increased
frequency of CD11c+, mostly CD21− B cells among all
circulating B cells of SLE patients. CD11c+ B cells of SLE and
pSS patients showed a number of phenotypic differences. In the
literature the terms of CD11c+ and CD11chigh are often not
sharply separated while it is important to note that CD11chigh B
cells are only a fraction of total CD11c+ B cells. Both populations
have been described to be increased in SLE patients (1), but also
under physiological conditions of immune challenges, such as
infections and in response to vaccinations (20).

CD11c+ circulating B cells are enriched among
CD21+CD27+, CD21−CD27+ and especially CD21−CD27−

B cells, as compared to all B cells. A striking correlation of
CD11c+ and CD21−CD27− expression was observed for B
cells of all the three study groups, but was especially enriched
in SLE. A significant correlation was found for CD11c+ and
CD21−CD38− B cells in SLE and pSS patients, while the
correlation was less among controls. Circulating CD21− or
CD21low B cells have been described to be increased in frequency
in various autoimmune diseases like SLE (21), rheumatoid
arthritis (17) and pSS (22), as well in other conditions, like
malaria (11), COVID19 (23), CVID (19), chronic graft-versus-
host disease (24) hepatitis C (25) and in HIV infection (15),
reflecting chronic activation of the immune system. A common
denominator among these conditions is the continued egress of
activated B cells into the blood. In this context, reduced CXCR5
expression can be considered as another marker of recent
activation and/or B cell differentiation outside the conventional
GC differentiation route (26). It has been reported for mice, that
CD11c+ cells are located at the border of T cell to B cell zones in
the spleen (27). The reduced expression of CXCR5 by CD11c+

B cells described here, argues in favor of the extrafollicular
generation of CD11c+ B cells in autoimmunity, especially in
active disease, and the enrichment of autoreactive clones due
to the lack of proper selection outside germinal centers. It is
important to note that CD11c+ B cells were enriched among,
but not limited to CD21−B cells. The data are consistent with
a quantitative increase of atypical memory B cells carrying
the phenotype of CD11c lacking the expression of CD21
and CD38 which are possibly induced outside the GCs with
impaired selection under the condition of SLE followed by pSS
and HD.

CD21 expression of CD11c+ B cells was markedly diminished
in all studied donor groups, but most significantly among SLE
patients. CD11c+ B cells were mainly enriched, but not limited,
to the memory B cell phenotypes CD27+IgD+, CD27+IgD−,
and CD27−IgD−(DN), as previously reported (6), indicating
that CD11c+ expression is induced by B cell activation. An
increased frequency of DN B cells is a hallmark of SLE (7,
28, 29) and has also been described in rheumatoid arthritis

(30) and multiple sclerosis (31). Increased frequency of CD11c+

among the CD27−IgD− phenotype in SLE patients could
be explained by a combination of enrichment of CD11c+

cells (observed in both HD and patients) as well as the
increased DN phenotype in total B cells in SLE patients. It
is worth noting, that DN CD11c+ B cells are more frequent
among memory B cell subsets in SLE, as compared to pSS
and HD. The differences in the expression of markers in
CD11c+ compared to CD11c− B cells, showed most pronounced
changes in SLE B cells and to a lesser extent among pSS
patients. The data suggest that the mechanisms involved in
the generation of CD11c+ B cells are common across all
cohorts but their amplification in SLE and pSS appear to gain
pathogenic importance.

A key objective of the study was the characterization of
checkpoint molecule expression in connection to other markers
by CD11c+ B cells to gain additional insights. Here, an increased
expression of activation (CD69, CD86), proliferation (Ki67), pro-
survival (CD137) and co-inhibitory (PD1, PDL1) markers was
found. In addition, enhanced expression of CTLA4, CD226,
ICOS, and VISTA was found as a characteristic of CD11c+ B cells
across all groups studied. These markers together with reduced
CD21 are known to be induced upon B cell stimulation (32–35),
suggesting that CD11c+ are antigen-experienced and recently
activated cells. In addition to increased expression of CD69 and
CD86, SLE CD11c+ B cells carried a characteristically increased
PD1 and PD-L1 expression, suggesting that they result from
a dysregulation in SLE. After B cell stimulation an increased
expression of CD86, PD1 and PDL1 in B cells from HD and
SLE patients has been reported (33) supporting the idea that
CD11c+ B cells had previously been stimulated in vivo and their
generation is promoted in autoimmune conditions. CD11c+ B
cells of pSS patients also showed increased CD86 and PDL1 and
reduced CD27 expression, displaying a similar B cell disturbance
but less severe than SLE patients. Previous studies had shown
increased CD86 expression by all subsets of peripheral B cells
(36), while others described an increase in CD27+IgD− and DN,
but not in naïve or CD27+IgD+ B cell from pSS (37). Increased
PDL1 had been detected in salivary glands of pSS patients (38)
while data on PDL1 expression on pSS B cells are missing. It
remains to be further delineated whether these findings result
from their more extensive generation in SLE or really reflect a
unique abnormality in lupus.

In autoimmune diseases and infections, excessive activation
of B cells leads to an accumulation of exhausted/post-activated
peripheral B cells, characterized by hyporesponsiveness to
activating stimuli and upregulated expression of regulatory
markers, like PD1 and PDL1 (25, 39, 40). CD21 and CD11c
both have been described to play a role on chronic cognate
activation of B cells, and they are linked in several ways:
Transcripts of ITGAX, encoding CD11c, are upregulated in
CD21− B cells, which qualify as memory B cells due to their
class switched BCRs (16), or as anergic B cells due to their
lower activation threshold and calcium mobilization upon B cell
stimulation and their autoreactive BCR repertoire (17). Age-
associated B cells (ABCs) initially had been described in mice and
described as antigen-experienced and refractory to BCR stimuli
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(18). CD11c+CD21− B cells have been described as the human
equivalent of ABCs, their frequencies increased in rheumatoid
arthritis, and correlating with patients’ age (41). Noteworthy,
in our cohort frequencies of CD11c+ cells and age did not
correlate, which is in line with a previous publication showing
no correlation between CD11chigh B cell and age of SLE patients
(1). Whether ABCs do really represent a distinct B cell lineage or
whether they rather represent a differentiation status of antigen-
experienced B cells in chronic immune reactions is debatable (4).

A limitation of the study aiming on the characterization of
checkpoint molecule expression by CD11c+ B cells is that CD21
was only included in one of two panels used, which limited the
characterization of expanded CD11c+ B cells. Other limitation is
the detection of low signals in somemarkers which should ideally
be verified by other methods. Here we describe that peripheral
CD11c+ B cells are heterogeneous in phenotype, but many
of them show reduced CD21 and CD38 expression, including
upregulated expression of a distinct pattern of checkpoint
molecules (PD-1, PDL1, CD86, CD137, CTLA4, CD226, ICOS,
and VISTA). Increased PD-1 and PD-L1 expression was
characteristic of SLE CD11c+ B cells. This suggests that CD11c+

B cell induction depends quantitively on the extent of immune
activation but can result in qualitative differences of abnormal
and likely dysregulated immune activation as exemplified
by CD11c+ B cells carrying increased PD-1 and PD-L1
in SLE.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by EA1/302/16. The patients/participants provided
their written informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

The concept of the study was developed by HR-A, ES, and TD.
Data were obtained by AW, LS, ML, FS, APF, TK-T, and MS.
Data were analyzed by HR-A, ES, TK-T, and MS. The theoretical
framework was developed by TD, ES, AL, KW, BK, and AR. All
authors developed, read, and approved the manuscript.

FUNDING

TD laboratory was supported by DFG grants
(project Do491/10-1, TRR130, SFB650, CRC Immunobone)
and the DRFZ, a Leibniz Institute was supported by the Senate
of Berlin. ES was supported by a Fellowship of the Berlin
Institutes of Health. HR-A was supported by COLCIENCIAS
scholarship No. 727, 2015. We acknowledge support from the
DFG and the Open Access Publication Fund of the Charité
Universitätsmedizin Berlin. KW was supported by DFG grant
TRR130.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2021.635615/full#supplementary-material

REFERENCES

1. Wang S, Wang J, Kumar V, Karnell JL, Naiman B, Gross PS, et al. IL-21 drives
expansion and plasma cell differentiation of autoreactive CD11c(hi)T-bet(+)
B cells in SLE. Nat Commun. (2018) 9:1758. doi: 10.1038/s41467-018-03750-7

2. Saadoun D, Terrier B, Bannock J, Vazquez T, Massad C, Kang I,
et al. Expansion of autoreactive unresponsive CD21-/low B cells in
Sjogren’s syndrome-associated lymphoproliferation. Arthritis Rheum. (2013)
65:1085–96. doi: 10.1002/art.37828

3. Glauzy S, Boccitto M, Bannock JM, Delmotte FR, Saadoun D, Cacoub P,
et al. Accumulation of antigen-driven lymphoproliferations in complement
receptor 2/CD21(-/low) B cells from patients with Sjogren’s syndrome.
Arthritis Rheumatol. (2018) 70:298–307. doi: 10.1002/art.40352

4. Sanz I, Wei C, Jenks SA, Cashman KS, Tipton C, Woodruff MC,
et al. Challenges and opportunities for consistent classification of
human B cell and plasma cell populations. Front Immunol. (2019)
10:2458. doi: 10.3389/fimmu.2019.02458

5. Naradikian MS, Myles A, Beiting DP, Roberts KJ, Dawson L, Herati RS,
et al. Cutting edge: IL-4, IL-21, and IFN-gamma interact to govern T-bet
and CD11c expression in TLR-activated B cells. J Immunol. (2016) 197:1023–
8. doi: 10.4049/jimmunol.1600522

6. Golinski ML, Demeules M, Derambure C, Riou G, Maho-Vaillant M,
Boyer O, et al. CD11c(+) B cells are mainly memory cells, precursors
of antibody secreting cells in healthy donors. Front Immunol. (2020)
11:32. doi: 10.3389/fimmu.2020.00032

7. Jacobi AM, Reiter K, Mackay M, Aranow C, Hiepe F, Radbruch A, et al.
Activated memory B cell subsets correlate with disease activity in systemic

lupus erythematosus: delineation by expression of CD27, IgD, and CD95.
Arthritis Rheum. (2008) 58:1762–73. doi: 10.1002/art.23498

8. Adlowitz DG, Barnard J, Biear JN, Cistrone C, Owen T, Wang W, et al.
Expansion of activated peripheral blood memory B cells in rheumatoid
arthritis, impact of B cell depletion therapy, and biomarkers of response. PLoS
ONE. (2015) 10:e0128269. doi: 10.1371/journal.pone.0128269

9. Wehr C, Kivioja T, Schmitt C, Ferry B, Witte T, Eren E, et al. The EUROclass
trial: defining subgroups in common variable immunodeficiency. Blood.

(2008) 111:77–85. doi: 10.1182/blood-2007-06-091744
10. Kardava L, Moir S, Shah N, Wang W, Wilson R, Buckner CM, et al.

Abnormal B cell memory subsets dominate HIV-specific responses in infected
individuals. J Clin Invest. (2014) 124:3252–62. doi: 10.1172/JCI74351

11. Weiss GE, Crompton PD, Li S, Walsh LA, Moir S, Traore
B, et al. Atypical memory B cells are greatly expanded in
individuals living in a malaria-endemic area. J Immunol. (2009)
183:2176–82. doi: 10.4049/jimmunol.0901297

12. Lisney AR, Szelinski F, Reiter K, Burmester GR, Rose T, Dorner T. High
maternal expression of SIGLEC1 on monocytes as a surrogate marker
of a type I interferon signature is a risk factor for the development of
autoimmune congenital heart block. Ann Rheum Dis. (2017) 76:1476–
80. doi: 10.1136/annrheumdis-2016-210927

13. Rose T, Szelinski F, Lisney A, Reiter K, Fleischer SJ, Burmester GR, et al.
SIGLEC1 is a biomarker of disease activity and indicates extraglandular
manifestation in primary Sjogren’s syndrome. RMD Open. (2016)
2:e000292. doi: 10.1136/rmdopen-2016-000292

14. Lu JT, Lu CH, Fleischer JW. Enhanced phase retrieval using nonlinear
dynamics. Opt Express. (2016) 24:25091–102. doi: 10.1364/OE.24.025091

Frontiers in Immunology | www.frontiersin.org 9 March 2021 | Volume 12 | Article 63561556

https://www.frontiersin.org/articles/10.3389/fimmu.2021.635615/full#supplementary-material
https://doi.org/10.1038/s41467-018-03750-7
https://doi.org/10.1002/art.37828
https://doi.org/10.1002/art.40352
https://doi.org/10.3389/fimmu.2019.02458
https://doi.org/10.4049/jimmunol.1600522
https://doi.org/10.3389/fimmu.2020.00032
https://doi.org/10.1002/art.23498
https://doi.org/10.1371/journal.pone.0128269
https://doi.org/10.1182/blood-2007-06-091744
https://doi.org/10.1172/JCI74351
https://doi.org/10.4049/jimmunol.0901297
https://doi.org/10.1136/annrheumdis-2016-210927
https://doi.org/10.1136/rmdopen-2016-000292
https://doi.org/10.1364/OE.24.025091
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Rincon-Arevalo et al. Deep Phenotyping of CD11c+ B Cells

15. Cossarizza A, Chang HD, Radbruch A, Acs A, Adam D, Adam-Klages
S, et al. Guidelines for the use of flow cytometry and cell sorting in
immunological studies (second edition). Eur J Immunol. (2019) 49:1457–
973. doi: 10.1002/eji.201970107

16. Thorarinsdottir K, Camponeschi A, Cavallini N, Grimsholm O, Jacobsson L,
Gjertsson I, et al. CD21(-/low) B cells in human blood are memory cells. Clin
Exp Immunol. (2016) 185:252–62. doi: 10.1111/cei.12795

17. Isnardi I, Ng YS, Menard L, Meyers G, Saadoun D, Srdanovic
I, et al. Complement receptor 2/CD21- human naive B cells
contain mostly autoreactive unresponsive clones. Blood. (2010)
115:5026–36. doi: 10.1182/blood-2009-09-243071

18. Cancro MP. Age-associated B cells. Annu Rev Immunol. (2020) 38:315–
40. doi: 10.1146/annurev-immunol-092419-031130

19. Rakhmanov M, Keller B, Gutenberger S, Foerster C, Hoenig M, Driessen G,
et al. Circulating CD21low B cells in common variable immunodeficiency
resemble tissue homing, innate-like B cells. Proc Natl Acad Sci USA. (2009)
106:13451–6. doi: 10.1073/pnas.0901984106

20. Portugal S, Obeng-Adjei N, Moir S, Crompton PD, Pierce SK. Atypical
memory B cells in human chronic infectious diseases: an interim report. Cell
Immunol. (2017) 321:18–25. doi: 10.1016/j.cellimm.2017.07.003

21. Wehr C, Eibel H, Masilamani M, Illges H, Schlesier M, Peter HH, et al. A new
CD21low B cell population in the peripheral blood of patients with SLE. Clin
Immunol. (2004) 113:161–71. doi: 10.1016/j.clim.2004.05.010

22. Comarmond C, Dessault O, Devaux JY, Costedoat-Chalumeau N, Resche-
Rigon M, Isnard R, et al. Myocardial perfusion imaging in Takayasu arteritis.
J Rheumatol. (2013) 40:2052–60. doi: 10.3899/jrheum.130308

23. Oliviero B, Varchetta S, Mele D, Mantovani S, Cerino A, Perotti CG, et al.
Expansion of atypical memory B cells is a prominent feature of COVID-19.
Cell Mol Immunol. (2020) doi: 10.1038/s41423-020-00542-2

24. Greinix HT, Kuzmina Z, Weigl R, Kormoczi U, Rottal A, Wolff D, et al.
CD19+CD21low B cells and CD4+CD45RA+CD31+ T cells correlate
with first diagnosis of chronic graft-versus-host disease. Biol Blood Marrow

Transplant. (2015) 21:250–8. doi: 10.1016/j.bbmt.2014.11.010
25. Doi H, Tanoue S, Kaplan DE. Peripheral CD27-CD21- B-cells represent an

exhausted lymphocyte population in hepatitis C cirrhosis. Clin Immunol.

(2014) 150:184–91. doi: 10.1016/j.clim.2013.12.001
26. Dorner T, Szelinski F, Lino AC, Lipsky PE. Therapeutic implications of the

anergic/postactivated status of B cells in systemic lupus erythematosus. RMD

Open. (2020) 6. doi: 10.1136/rmdopen-2020-001258
27. Rubtsov AV, Rubtsova K, Kappler JW, Jacobelli J, Friedman RS,

Marrack P. CD11c-Expressing B cells are located at the T cell/B
cell border in spleen and are potent APCs. J Immunol. (2015)
195:71–9. doi: 10.4049/jimmunol.1500055

28. You X, Zhang R, Shao M, He J, Chen J, Liu J, et al. Double
negative B cell is associated with renal impairment in systemic lupus
erythematosus and acts as a marker for nephritis remission. Front Med. (2020)
7:85. doi: 10.3389/fmed.2020.00085

29. Jenks SA, Cashman KS, Zumaquero E, Marigorta UM, Patel AV,Wang X, et al.
Distinct effector B cells induced by unregulated Toll-like receptor 7 contribute
to pathogenic responses in systemic lupus erythematosus. Immunity. (2018)
49:725–39.e6. doi: 10.1016/j.immuni.2018.08.015

30. Moura RA, Quaresma C, Vieira AR, Goncalves MJ, Polido-Pereira J, Romao
VC, et al. B-cell phenotype and IgD-CD27- memory B cells are affected by
TNF-inhibitors and tocilizumab treatment in rheumatoid arthritis. PLoSONE.
(2017) 12:e0182927. doi: 10.1371/journal.pone.0182927

31. Fraussen J, Marquez S, Takata K, Beckers L, Montes Diaz G,
Zografou C, et al. Phenotypic and Ig repertoire analyses indicate
a common origin of IgD(-)CD27(-) double negative B cells in
healthy individuals and multiple sclerosis patients. J Immunol. (2019)
203:1650–64. doi: 10.4049/jimmunol.1801236

32. Nakaima Y, Watanabe K, Koyama T, Miura O, Fukuda T. CD137 is
induced by the CD40 signal on chronic lymphocytic leukemia B cells and
transduces the survival signal via NF-kappaB activation. PLoS ONE. (2013)
8:e64425. doi: 10.1371/journal.pone.0064425

33. Stefanski AL, Wiedemann A, Reiter K, Hiepe F, Lino AC, Dorner T. Enhanced
programmed death 1 and diminished programmed death ligand 1 up-
regulation capacity of post-activated lupus B cells. Arthritis Rheumatol. (2019)
71:1539–44. doi: 10.1002/art.40897

34. Marshall-Clarke S, Tasker L, Heaton MP, Parkhouse RM. A differential
requirement for phosphoinositide 3-kinase reveals two pathways for inducible
upregulation of major histocompatibility complex class II molecules and
CD86 expression by murine B lymphocytes. Immunology. (2003) 109:102–
8. doi: 10.1046/j.1365-2567.2003.01638.x

35. Bikker A, Kruize AA, van der Wurff-Jacobs KM, Peters RP,
Kleinjan M, Redegeld F, et al. Interleukin-7 and Toll-like receptor
7 induce synergistic B cell and T cell activation. PLoS ONE. (2014)
9:e94756. doi: 10.1371/journal.pone.0094756

36. Freudenhammer M, Voll RE, Binder SC, Keller B, Warnatz K. Naive-
and memory-like CD21(low) B cell subsets share core phenotypic and
signaling characteristics in systemic autoimmune disorders. J Immunol.

(2020) 205:2016–25. doi: 10.4049/jimmunol.2000343
37. Baglaenko Y, Chang NH, Johnson SR, Hafiz W, Manion K, Ferri D,

et al. The presence of anti-nuclear antibodies alone is associated with
changes in B cell activation and T follicular helper cells similar to those
in systemic autoimmune rheumatic disease. Arthritis Res Ther. (2018)
20:264. doi: 10.1186/s13075-018-1752-3

38. Kobayashi M, Kawano S, Hatachi S, Kurimoto C, Okazaki T, Iwai Y,
et al. Enhanced expression of programmed death-1 (PD-1)/PD-L1 in
salivary glands of patients with Sjogren’s syndrome. J Rheumatol. (2005)
32:2156–63. Available online at: https://www.jrheum.org/content/32/11/2156.
tab-e-letters

39. Schrezenmeier E, Weissenberg SY, Stefanski AL, Szelinski F, Wiedemann
A, Lino AC, et al. Postactivated B cells in systemic lupus erythematosus:
update on translational aspects and therapeutic considerations. Curr

Opin Rheumatol. (2019) 31:175–84. doi: 10.1097/BOR.0000000000
000576

40. Weissenberg SY, Szelinski F, Schrezenmeier E, Stefanski AL, Wiedemann
A, Rincon-Arevalo H, et al. Identification and characterization of post-
activated B cells in systemic autoimmune diseases. Front Immunol. (2019)
10:2136. doi: 10.3389/fimmu.2019.02136

41. Rubtsov AV, Rubtsova K, Fischer A, Meehan RT, Gillis JZ, Kappler JW, et al.
Toll-like receptor 7 (TLR7)-driven accumulation of a novel CD11c(+) B-cell
population is important for the development of autoimmunity. Blood. (2011)
118:1305–15. doi: 10.1182/blood-2011-01-331462

Conflict of Interest:APF, MS, KH, SF, and TK-T are employed by F. Hoffmann-La
Roche AG.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Rincon-Arevalo, Wiedemann, Stefanski, Lettau, Szelinski, Fuchs,

Frei, Steinberg, Kam-Thong, Hatje, Keller, Warnatz, Radbruch, Lino, Schrezenmeier

and Dörner. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 10 March 2021 | Volume 12 | Article 63561557

https://doi.org/10.1002/eji.201970107
https://doi.org/10.1111/cei.12795
https://doi.org/10.1182/blood-2009-09-243071
https://doi.org/10.1146/annurev-immunol-092419-031130
https://doi.org/10.1073/pnas.0901984106
https://doi.org/10.1016/j.cellimm.2017.07.003
https://doi.org/10.1016/j.clim.2004.05.010
https://doi.org/10.3899/jrheum.130308
https://doi.org/10.1038/s41423-020-00542-2
https://doi.org/10.1016/j.bbmt.2014.11.010
https://doi.org/10.1016/j.clim.2013.12.001
https://doi.org/10.1136/rmdopen-2020-001258
https://doi.org/10.4049/jimmunol.1500055
https://doi.org/10.3389/fmed.2020.00085
https://doi.org/10.1016/j.immuni.2018.08.015
https://doi.org/10.1371/journal.pone.0182927
https://doi.org/10.4049/jimmunol.1801236
https://doi.org/10.1371/journal.pone.0064425
https://doi.org/10.1002/art.40897
https://doi.org/10.1046/j.1365-2567.2003.01638.x
https://doi.org/10.1371/journal.pone.0094756
https://doi.org/10.4049/jimmunol.2000343
https://doi.org/10.1186/s13075-018-1752-3
https://www.jrheum.org/content/32/11/2156.tab-e-letters
https://www.jrheum.org/content/32/11/2156.tab-e-letters
https://doi.org/10.1097/BOR.0000000000000576
https://doi.org/10.3389/fimmu.2019.02136
https://doi.org/10.1182/blood-2011-01-331462
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Ignacio Sanz,

Emory University, United States

Reviewed by:
Dagmar Scheel-Toellner,
University of Birmingham,

United Kingdom
Claude-Agnes Reynaud,

Université Paris Descartes, France

*Correspondence:
Deborah Dunn-Walters

d.dunn-walters@surrey.ac.uk
Franca Fraternali

franca.fraternali@kcl.ac.uk

†These authors have contributed
equally to this work and share

first authorship

‡These authors have contributed
equally to this work and share

senior authorship

Specialty section:
This article was submitted to

B Cell Biology,
a section of the journal

Frontiers in Immunology

Received: 03 September 2020
Accepted: 24 February 2021
Published: 18 March 2021

Citation:
Stewart A, Ng JC-F,

Wallis G, Tsioligka V, Fraternali F
and Dunn-Walters DK (2021)

Single-Cell Transcriptomic
Analyses Define Distinct Peripheral

B Cell Subsets and Discrete
Development Pathways.

Front. Immunol. 12:602539.
doi: 10.3389/fimmu.2021.602539

ORIGINAL RESEARCH
published: 18 March 2021

doi: 10.3389/fimmu.2021.602539
Single-Cell Transcriptomic Analyses
Define Distinct Peripheral B Cell
Subsets and Discrete
Development Pathways
Alexander Stewart1†, Joseph Chi-Fung Ng2†, Gillian Wallis1, Vasiliki Tsioligka1, Franca
Fraternali 2*‡ and Deborah K. Dunn-Walters1*‡

1 School of Biosciences and Medicine, University of Surrey, Guildford, United Kingdom, 2 Randall Centre for Cell and
Molecular Biophysics, School of Basic and Medical Biosciences, King’s College London, London, United Kingdom

Separation of B cells into different subsets has been useful to understand their different
functions in various immune scenarios. In some instances, the subsets defined by
phenotypic FACS separation are relatively homogeneous and so establishing the
functions associated with them is straightforward. Other subsets, such as the “Double
negative” (DN, CD19+CD27-IgD-) population, are more complex with reports of differing
functionality which could indicate a heterogeneous population. Recent advances in single-
cell techniques enable an alternative route to characterize cells based on their
transcriptome. To maximize immunological insight, we need to match prior data from
phenotype-based studies with the finer granularity of the single-cell transcriptomic
signatures. We also need to be able to define meaningful B cell subsets from single cell
analyses performed on PBMCs, where the relative paucity of a B cell signature means that
defining B cell subsets within the whole is challenging. Here we provide a reference single-
cell dataset based on phenotypically sorted B cells and an unbiased procedure to better
classify functional B cell subsets in the peripheral blood, particularly useful in establishing a
baseline cellular landscape and in extracting significant changes with respect to this
baseline from single-cell datasets. We find 10 different clusters of B cells and applied a
novel, geometry-inspired, method to RNA velocity estimates in order to evaluate the
dynamic transitions between B cell clusters. This indicated the presence of two main
developmental branches of memory B cells. A T-independent branch that involves IgM
memory cells and two DN subpopulations, culminating in a population thought to be
associated with Age related B cells and the extrafollicular response. The other, T-
dependent, branch involves a third DN cluster which appears to be a precursor of
classical memory cells. In addition, we identify a novel DN4 population, which is IgE rich
and closely linked to the classical/precursor memory branch suggesting an IgE specific T-
dependent cell population.
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INTRODUCTION

B cells can differentiate into plasma cells and secrete large
amounts of antibody. There are, however, many more B cell
functions which contribute to an effective immune response. B
cells are highly effective antigen presenting cells, capable of
presenting both protein and lipid antigens to T and NKT cells.
B cell – T cell interactions trigger a variety of activation signals in
both directions resulting in enduring affinity matured B cell
memory, that may also be class switched, and activated T helper
cells. B cells can also be activated via TLRs, producing pro-
inflammatory cytokines such as IL6, TNFa and IFNg in the
process and resulting in differentiation into short-lived
plasmablasts. The former, T-dependent, response will involve
formation of germinal centers over time and, since it is
dependent on T cells for maturation which have also been
through tolerance checkpoints, it would normally have low risk
of producing autoantibodies. The latter, extrafollicular, B cell
response has the advantage of being more rapid, but also runs
some risk of producing lower specificity antibodies. B cells can
also be regulatory, producing IL10 and ensuring that
autoreactive responses are not perpetuated.

In studying different functions of human B cells in health and
disease most studies rely upon phenotypic differentiation in
FACS analyses from peripheral blood using IgD and CD27, or
CD24 and CD38, in conjunction with the pan B cell marker
CD19. For example, the CD19+CD27+IgD+ IgM memory
population (1, 2) is reduced in the elderly as a percentage of
total B cells (3, 4) This has important consequences for older
people, since the IgM memory population is thought to provide
protection against the bacterial polysaccharide T-independent
antigens. Higher dimensional phenotyping shows that the IgM
memory population in the blood is heterogeneous and further
age-related differences are also seen (5), although the likely
functional significance of this age related heterogeneity has yet
to be determined.

The CD19+IgD-CD27- ‘double negative’ (DN) cells are of
particular interest. Many different roles have been ascribed to
this population; ‘memory precursors’, “exhausted memory cells”,
‘tissue based memory’, ‘extrafollicular ASC precursors’ and
‘atypical memory’ (6–15) or the most recent nomenclature
DN1 (memory precursor) and DN2 (extrafollicular ASC
precursor B cells) (16). DN cells are increased in older people,
and in chronic infections such as HIV (6, 7, 10, 11). DN cells are
also expanded in autoimmune disease such as Systemic Lupus
Erythematosus (SLE) (14, 17) where they are responsive to IFNg
and thought to be precursors for pathogenic antibody secreting
cells (8, 9, 18). Repertoire studies to try and clarify the
relationship of DN cells to classical CD19+CD27+IgD-
memory cells have been carried out and find both evidence for
a close relationship with classical cells, with clones shared in both
populations, as well as a difference in overall average repertoire
character, with less hypermutation and larger complementarity
determining regions (19). It is therefore likely that the DN
compartment is functionally heterogeneous and only with high
resolution techniques, such as single-cell transcriptomics, will it
be possible to tease apart the sub-populations.
Frontiers in Immunology | www.frontiersin.org 259
Single-cell transcriptomics is rapidly becoming a key
methodology in biology thanks to its high resolution in terms
of individual cells and high dimensional data. It offers the ability
to discriminate between subsets of heterogeneous populations to
understand individual contributions which may have previously
been confounded by the Simpson’s paradox of studying averaged
data. Unsupervised clustering algorithms offer us the chance to
define subsets transcriptionally and interrogate the results to find
tractable markers for use in phenotypical distinction of the same.
Information about the possible functions of cell clusters can be
inferred from the transcriptome relative to other clusters.
scRNAseq is particularly useful in B cell immunology, where it
has made pairing of heavy and light chain sequences
possible (20).

Curated reference databases, such as the Human Cell Atlas
(21), and baseline transcriptomic profiles of particular immune
sites (22) are important for comparison to experimental datasets
as well as providing new insights into already well studied
biological systems. A frequently occurring problem in single-
cell datasets, however, is the relative lack of B cells, given that
most human experiments are run on readily available PBMCs;
where B cells only make up between 5-10% of the total. Hence B
cells are often under-described in single-cell experiments, and
often only divided into naive, memory and plasma cells which
may miss important distinctions in disease. This is a general
problem but has been particularly evident in recent COVID-19
papers (16, 23–29). We have therefore produced a dataset
looking exclusively at five commonly defined B cell
populations by phenotype to improve the resolution and better
understand the heterogeneity present in B cells. This
phenotyping followed by transcriptomic characterization was
performed to give the clearest possible identity of known
functionally relevant populations at the transcriptomic level.
By producing this dataset, we reconcile known phenotypic
populations with those found in the transcriptome and can
identify previously unknown populations in high dimensional
space, thus providing a basic map of peripheral blood B cells as a
reference dataset for the B cell community. We describe 10 major
populations of B cells, including a novel population of IgE-
expressing cells in the double negative compartment.
MATERIALS AND METHODS

Samples, Library Preparation
and Sequencing
Peripheral blood mononuclear cells were isolated from a male
healthy volunteer aged 25 (HB6) using BD-bioscience lithium
heparin vacutainersTM and Ficoll-Paque Plus (GE-healthcare).
REC authority 17/LO/1877.

Cells were stained in BD Horizon Brilliant stain buffer with
(Biolegend: CD19 HIB19 BV421, CD27 M-T271 FITC, IgD AI6-
2 BV785, CD10 HI10a BV605, Live/Dead Zombie NIR), doublet
and dead cells removed and lymphocytes gated on FSC/SSC, and
sorted into Transitional (CD19+IgD+CD27-CD10+), Naïve
(CD19+IgD+CD27-CD10-), IgM Memory (CD19+IgD+CD27+),
March 2021 | Volume 12 | Article 602539
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Classical Memory (CD19+IgD-CD27+) and Double Negative
(CD19+IgD-CD27-) populations on a FACSAria (BD
Biosciences) at 4°C (Supplementary Figure S1). Cells were
washed twice (5 min at 400 g, supernatant removed and replaced)
in PBS supplemented with 0.04% non-acetylated BSA with a final
spin through a 40 mM cell strainer. Populations were counted and
run on a Chromium 10X controller using 5’ chemistry (10X
Genomics) in individual lanes with an expected recovery rate of
4,000 cells per lane, according to the manufacturer’s instructions.
Libraries were generated according to 10X Genomics instructions
and run on a High Output HiSeq2500 at 1 library per lane in 30-10-
100 format. Additional HB34 (male, 36 y.o.) and HB78 (male, 25
y.o) B cell samples were isolated using StemCell (Kit), FACS sorted
in the same manner and each population tagged with Biolegend
TotalSeq-C Hashtag antibodies, washed on the Curiox laminar flow
system (9 washes at 5 ul/sec) before being recombined in equal
ratios to run on the 10X at 4,000 cells per lane; all other methods
were identical.

Data Preprocessing, Clustering and
Differential Expression
Data was processed through CellRanger (10X Genomics, v3.1.0)
and aligned to the GRCh38 genome. The raw transcript count
matrix was loaded into R (v3.6.3) using the Seurat (v3.0) package
(30, 31). Cells were selected for further analyses according to the
following criteria: (i) express zero CD3E, GNLY, CD14, FCER1A,
GCGR3A, LYZ, PPBP and CD8A transcripts, to exclude any non-B
cells and; (ii) express at least 200 distinct genes. Additionally, cells
with total transcript count in the top 1% percentile were removed, as
these cells were manually inspected to express transcripts of
multiple V gene families per cell, indicating possible cell clumps
tagged with the same barcode. Gene counts were log-normalized
and the top 2,000 variably expressed genes were extracted using a
variance-stabilizing transformation (vst) as implemented in the
FindVariableFeatures function in Seurat. The following genes
were removed from the list of variably expressed genes in order
to prevent downstream dimensionality reduction and clustering to
reflect individual/clonotype specific gene usage: all Ig V, D, J genes
(extracted using the regular expression [regex] “IG[HKL][VDJ]”), Ig
constant genes (IGHM, IGHD, IGHE, IGHA[1-2], IGHG[1-4],
IGKC, IGLC[1-7], and AC233755.1 [which encodes IGHV4-38-
2]), IGLL genes, T-cell receptor genes (regex “TR[ABGD][CV]”).
This pruned the variably expressed gene list to n = 1,840 genes.
Principal Component Analysis (PCA) was then performed on this
pruned gene list. Surveying the first 50 principal components, the
proportion of variance explained plateaued at ~ 1.5% from the 15th

PC onwards. Uniform Manifold Approximation and Projection
(UMAP) was performed based on the first 14 PCs, using the
implementation in the python umap-learn package with
correlation as the distance measure in the PC space. UMAP
projections were produced on both two-dimensional and three-
dimensional spaces. To define cell clusters, a shared nearest
neighbor (SNN) graph was constructed using Seurat::
FindNeighbors based on the first 14 PCs, and cell clusters were
defined on the SNN graph with Seurat::FindClusters (resolution
parameter = 1). Clusters were named according to manual
Frontiers in Immunology | www.frontiersin.org 360
inspection for their composition in terms of the original FACS-
defined populations. Differential expression was examined using the
Wilcoxon rank-sum test provided in Seurat::FindMarkers. Analysis
for the additional samples followed the same procedure, retaining
principal components that explained at least 1.5% of the variance.
We followed the data integration protocol in Seurat to map all
samples to the same UMAP projection. The integrated dataset
contains a total of 12,973 cells.

Trajectory and RNA Velocity Analysis
To study the trajectory across the Seurat-defined cell subsets, a
spanning tree across the data points was inferred using the
monocle3 package (v0.2.0), based on the 3D UMAP
embedding produced as detailed above. To estimate RNA
velocity, spliced and unspliced transcripts were enumerated
using the velocyto package (v0.17) (32). RNA velocity stream
was mapped onto the UMAP space according to the pipeline
provided in the SeuratWrappers package (v0.1.0) which uses
functionalities provided in the velocyto.R package (v0.6) (32).

Based on the inferred velocity stream we also scored the
transition between cell clusters using a geometrical approach. We
evaluated, for each arrow depicting the velocity stream, its
alignment with the projection towards cluster centroids, using
the following procedure (illustrated in Supplementary Figure
S2): first, for each arrow Ai with starting point Xi and ending
point Yi, we determined the ‘starting cluster’ (i.e. the original cell
identity from which transition is considered) by a majority vote
of the identities of cells within the grid around Xi as given when
the velocity stream was overlaid. We next considered, for every
‘destination’ cell cluster, the distance between Xi and its cluster
centroid Zj. This permitted calculation of the angle q between
and XiZj, using the cosine formula:

cosqi,j =
(XiYi)

2 + (YiZj)
2 − (YiZj)

2

2(XiYi)(XiZj)
(1)

for each arrow I and each ‘destination’ cluster j. q should
approach zero (and hence cosq = 1) if the arrow is perfectly
aligned to the direction pointing from the starting cluster to the
destination. This forms the basis to define a ‘transition score’,
taking into effect of the strength of the velocity (represented by
the size of the arrow projected – i.e. XiYi; it should positively
contribute to the score) and the distance XiZj (which should
negatively impact the score). This score, here denoted S, is given
by:

Si,j =
(1 − cosqi,j)XiYi

XiZj
(2)

For every I and j the (1−cosq) functional form ensures Si,j
increases as the arrow becomes more geometrically align to point
to cluster j. This was performed for every arrow I and every
cluster j. To summarize scores from individual i’s into a
composite transition score (CTS) between every starting cluster
j1 and destination cluster j2, all i’s are classified by their starting
cluster and Si,j are summed together for each j. Finally the CTS,
i.e. Si∈j1,j=j2Si,j, are adjusted by a weighting factor based on the
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distance between cluster centroids d1 (for cluster j1) and d2 (for
j2). We first computed the pairwise distance between d1 and d2.
Then, for each d2 (which corresponds to the destination cluster),
we scaled all distances into a weighting factor w of range [0,1]:

w = 1 −
z −min(z)

max(z)�min(z)
(3)

for all distances z pointing towards d2. Again, this functional
form implies heavier weight is given for clusters which are close
to one another in the dimensionality-reduced space. The final
CTS was scaled by this factor:

CTSj1,j2 = w� Si∈j,j=j2Si,j (4)

For our datasets RNA velocity streams were considered on two
perspectives to view the 3D UMAP space: (1) UMAP1 vs UMAP3
(2) UMAP2 vs UMAP3, as visually these two perspectives separate
the clusters the best. All arrows visualized in these two perspectives
contributed towards the final CTS. These were plotted in Figure 2F
in log2 scale to dampen extreme signals.

Protein-Protein Interaction Network
Inference
The R package ACTIONet (v1.0) (33) was used to infer protein-
protein interaction networks (PPINs) for (i) each FACS-defined
population; (ii) each cell cluster defined by Seurat, and; (iii) cells
positive for T-bet (TBX21) transcripts. ACTIONet takes as input a
reference protein interactome and uses the transcriptomic data to
filter and score protein interactions relevant to a given cell subset.
Here, the Unified PPIN (UniPPIN), which we previously compiled
and recently updated (April 2020; Marzuoli, Ng and Fraternali,
manuscript in preparation), was used as the reference interactome.
UniPPIN contains in total of 17,997 proteins and 647,508
interactions, after mapping UniProt identifiers to HGNC gene
symbols using the biomaRt (v2.42.1) R package. To reduce
dimensionality, genes expressed in less than 10 cells were omitted,
leaving a total of n = 12,867 genes for PPIN inference. Raw gene
counts were used to calculate a ‘gene specificity’ score using the
compute.annotations.feature.specificity function in ACTIONet, for
each cell subset as defined above. This step enhances signals from
genes exhibiting expression patterns specific to distinct cell
subpopulations and penalizes commonly-expressed genes. These
gene specificities were subsequently used to infer a PPIN for each
cell subset using ACTIONet::run.SCINET.annotations. Each node
(i.e. protein) in the network is scored by a ‘specificity’ metric, which
quantifies the centrality of the protein in the network scaled by its
gene expression specificity. Since ribosomal and mitochondrial
proteins frequently formed cliques (highly interconnected
components) in biological networks, in order to mediate the impact
of the inclusion of these proteins in analyzing the topological and
functional properties of the inferred PPINs, all ribosomal and
mitochondrial proteins were removed from all the inferred
networks prior to any statistical analyses and functional annotations.

Functional Annotation
Gene sets from Gene Ontology (GO) biological processes (BP) were
downloaded from MSigDB (v7.1). Cluster-specific markers were
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annotated for GO BPs, by testing for gene set overrepresentation
using Fisher exact tests. Gene Set Enrichment Analysis (GSEA) was
also carried out (using the fgsea package [v1.4.1]) on the
ACTIONet-inferred PPINs, with the proteins ranked using the
ACTIONet per-node specificity metric.

Data Visualization
Reads coverage was visualized using the Integrated Genomics
Viewer (IGV, v2.8.2). All statistics and data visualization were
performed under the R statistical computing environment
(v3.6.3). Heatmaps of gene expression were produced using
pheatmap (v1.0.12). Visualizations of PPINs were produced
using visNetwork (v2.0.9). Volcano plots were produced using
EnhancedVolcano (v1.4.0). Visualization of three-dimensional
data embeddings were performed using the rgl package
(v0.100.54). All other data visualizations were produced using
functionalit ies provided in Seurat and the ggplot2
package (v3.3.0).
RESULTS

B Cell Subsets
B cell sorted single-cell transcriptome libraries from five FACS
sorted populations based on IgD/CD27/CD10 (Transitional
‘Trans’, Naive, IgM Memory ‘M-mem’, Classical Memory ‘C-
mem’ and Double Negative ‘DN’) clustered into 10 unique
populations using UMAP (Figure 1A). Of the 10 clusters
formed in the UMAP analysis in all but 1 case (DN1) over
75% of the cells matched with their original FACS sorted
population (Figure 1B); the disparity between phenotype and
transcriptome was possibly due to impure sorting. Differential
gene expression analysis highlights these discrete populations
(Figure 1C). Even though these cells were CD19-sorted only
34.4% percent of cells had CD19+ in the transcriptome, CD20
proving to be a much more reliable B cell marker in the
transcriptome (Figure 1D) (30). Similarly, CD27 mRNA was
not as abundant as CD27 surface protein, particularly in the C-
mem cells. Importantly, we have explicitly filtered any
immunoglobulin-related genes prior to clustering to avoid
biasing the clustering algorithms by light chain or class of
antibody. Even so, we find that IGHE and IGHA2 cells can be
differentiated by their transcriptome: DN1 being enriched for
IGHA2 and DN4 for IGHE. After finding the unusual DN4 IgE
population, further investigation leads us to postulate that it is
due to a cat hair allergy, exposure 3 days prior to sampling. M-
mem1 cells were distinguished from M-mem2 by higher IgD
expression (Figure 1D). Transitional and Naive cells are best
distinguished from other B cells by expression of TCL1A, higher
in transitional, present in Naive and absent in all other cells.

Relationships Between B Cell Subsets
We performed dimensionality reduction and pseudotime
analyses to decipher the relationships between clusters and
RNA velocity measurements were added to superimpose
directionality information onto the trajectory (Figure 2). Four
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distinct branches of B cell clusters were seen in three dimensions
(Figure 2A); 1) a transitional and naïve branch, 2) a classical
memory and DN1 branch, 3) an IgM and DN3/2 branch and 4) a
separate branch for the IgE-high DN4s (Figures 2A, B). In
branch 1 the clear direction of development was transitional to
naïve to memory and markers such as CD38 and TCL1A are lost
in the progression (Figure 2C). The relationships between the
different memory populations are more complex (Figures 2A, D,
E). We therefore developed a new method, by performing
geometry-based calculations on the mapped velocity landscape
(Supplementary Figure S2; also see Materials and Methods), to
summarize the directionality, strength and position of individual
RNA velocity streams between individual cell clusters. This
produced a composite transition score (see Materials and
Methods) that quantifies the developmental flow of cell clusters
(Figure 2F) which can be mapped conceptually onto the inferred
trajectory (Figure 2G). From this the M-mem2 population
almost appears as a separate originating singularity with flow
Frontiers in Immunology | www.frontiersin.org 562
out of the IgM memory cluster, to DN3/2 and C-mem1, but with
relatively little flow from Naïve into the M-mem clusters
themselves (Figures 2F, G). The unidirectional flow from DN3
to termination at DN2 is strong. We also see a very strong flow
from DN1/4 towards C-mem1/2 terminating in C-mem2.

A UMAP projection considering only the DN population
highlights the distinct and robust partitioning of these cells into 4
subpopulations (Figure 3A). DN3 and DN2 display similar
immunoglobulin class distribution, although DN3 expressed
IgM which is absent in DN2. DN1 is IgA2-rich, while DN4 is
IgE-rich (Figure 3B).

As a unifying marker both DN3 and DN2 have higher
expression of RHOB (Ras Homolog Family Member B,
involved in intracellular protein trafficking) compared to DN1
and DN4 (Figure 3C). The DN2 population at the terminal point
of the M-mem/DN development branch is of interest, expressing
T-bet (TBX21), CD11c (ITGAX), and lacking CD21 (Figure 3D,
Supplementary Figure S3) concomitant with an identity of Age-
A B

D

C

FIGURE 1 | Single-cell atlas of peripheral B cell subsets for one individual (HB6). (A) Two dimensional UMAP projection of scRNA-seq data of peripheral B cell
subsets from sample HB6. (B) Breakdown of each cell cluster defined using scRNA-seq data, in terms of the FACS-defined B cell identities. (C) Expression of top
markers for each cell cluster. Here, only markers with average log fold difference > 0.75 for at least one cluster are included. (D) Expression of CD19, MS4A1
(CD20), CD27, IGHD, and IGHM across cell clusters.
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related B cells (34). This population is also enriched in the
inhibitory receptors FCRL3, FCRL5 and lacks lymphotoxin-B
(LTB), CD24 and CXCR5 (Figure 3D). These are features in
common with a previously identified precursor population for
extrafollicular antibody secreting cells (ASCs) (16). T-bet has
been shown to mediate IFNg-dependent (but not IL4 dependent)
development of antibody secreting cells from B cells (35). With
this in mind we looked at all cells that were T-bet positive and
showed that the large majority were in the DN population in the
order DN2>DN3>DN1>DN4 (Figure 3E). Other transcriptional
markers for the T-bet+ cells include ACTB, MPP6, (Figures 3F,
G) and ALOX5AP, GSTP1, LAPTM5 (Figure 4A)

The DN1 population expresses high levels of IGHA2 and
JCHAIN (Figure 4). Upregulation of Transgelin-2 (TAGLN2)
expression suggests an activated state (36). Inferred protein-
protein interaction network (PPIN) analysis of the DN1
Frontiers in Immunology | www.frontiersin.org 663
population shows genes enriched in proteins involved in actin
filament formation and organization (Figure 4C). This
population falls on a separate differentiation pathway from
DN3 and DN2 and more closely resembles classical Memory B
cells in differential gene expression (Figures 1C, 2G).

The IgE-expressing DN4 population has very high levels of
FCER2 expression, the low affinity receptor for IgE, as well as
IL4R, IL13RA1, and the co-stimulator CD40 (Figures 4D, E); all
forming part of the same activation network (Figure 4F). This
IgE population is therefore in an active state and suggests the
donor was undergoing an allergic response.

Traditionally humanmemory B cells were known as CD27+IgD-
and we have designated these “classical memory”. The
transcriptomic clustering reveals two different subpopulations in
our data: C-mem1 and C-mem2. The main differences between the
two are in expression of mitochondrial and ribosomal genes
A B

D E

F G

C

FIGURE 2 | Trajectory and RNA velocity analyses of B cell clusters. (A) Trajectory inferred using monocle3, overlaid onto cell clusters in a three-dimensional UMAP
space. (B) Pseudotime order of cells inferred using monocle3, in (top) Trans, Naïve and C-mem1, and (bottom) M-mem1, DN3, DN2 clusters. (C) Change in
expression level of selected genes across the pseudotime axis for Trans, Naïve and C-mem1. (D, E) RNA velocity stream overlaid on three-dimensional UMAP
space. Notice the different UMAP dimensions depicted in each panel. In (D), the inset represents a close-up view into the space between Naive, M-mem2, and the
class-switched memory clusters. (F) Composite transition score between cell clusters, calculated based on examining geometrically the alignment of velocity streams
to cluster positions. (G) Summary of trajectory and RNA velocity analyses.
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(Supplementary Figure S5A). This might reflect a low overall gene
expression by C-mem1, meaning ribosomal genes are over-
represented (Supplementary Figure S5A). Coupled with their
relative positioning in the pseudotime/RNA velocity analysis
(Figure 2G) this could indicate a more quiescent population
awaiting activation for C-mem1, while C-mem2 are more active
with higher activemitochondrial gene expression. Comparison of C-
mem with DN indicates that DN cells have higher levels of CD20
(MS4A1) and HLA genes (Figure 5A). Analysis of individual genes
and inferred PPINs (Figure 5B; Supplementary Figure S5B) shows
genes predominantly involved in protein translation are expressed
by the C-mem1, while actin networks involved in movement,
division and immune synapse formation, form the top networks
for C-mem2.

IgM memory cells display a number of genes of interest (Figure
6A) including CD44 involved in cell to cell interactions and
activation (37, 38) along with MARCKS involved in actin cross
linking (39), TCF4 (encoding E2-2) which recognized the E-box
binding site originally identified in immunoglobulin enhancement
(40) and SMARCB1 which relieves repressive chromatin structure
(41). Such a signature of expression would suggest an active group
of cells involved in cell-to-cell interaction. We also highlight very
strong expression of CD1C, a marginal zone B cell marker (42), in a
small but distinct number of IgM memory cells.

The two IgM memory subpopulations are predominately
defined by the quantity of transcript rather than expression of
any one set of genes, M-mem2 containing far fewer transcripts.
Taken together with the position of these two subsets relative to
one another in the pseudotime and velocity analysis, these
suggest an activation pathway from a quiescent population M-
Frontiers in Immunology | www.frontiersin.org 764
mem2 to the active M-mem1 population. Most of the gene
markers shown in Figure 6A are expressed in both the M-
mem1 and M-mem2 clusters (Supplementary Figure S5) except
CD1C and AP3B1 which are uniquely expressed in M-mem1
cells (Figure 6C). Both genes are involved in presentation of lipid
antigens (43). Very few other genes were differentially expressed
between M-mem1 and M-mem2 (Figure 6D). The inferred
protein interaction networks were more informative, showing
translational housekeeping networks dominating the M-mem2
population while M-mem1 networks include both cell adhesion
and structural networks suggestive of cell binding (Figure 6E).

In order to confirm these B cell populations PBMCs from two
additional people were also processed. We projected the
transcriptomes of cells from all three samples to the same
UMAP dimensionality-reduced space, and demonstrated that
all the same cell populations exist in all individuals (Figure 7A);
albeit in some cases at different ratios, as is the case with a lower
proportion of DN3 in the two additional individuals (Figure 7B).
Additionally, we find a greater overlap between DN1/4 and
classical memory highlighting the transcriptomic similarity
between these two class switched populations. We also
confirmed that cells clustered in the UMAP space show similar
expression patterns of marker genes (Supplementary Figure S6)
across three individuals.
DISCUSSION

The separation of B cells into functionally different populations is
useful in trying to understand immune responses to challenge.
A B

D E F
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FIGURE 3 | Heterogeneous single-cell expression landscape of double-negative memory B cells. (A) Dimensionality projection of DN1-4 clusters on a two-
dimensional UMAP space. (B) Expression of CD27 and IGH constant region genes across the four DN clusters. (C) Expression level of RHOB across the four DN
clusters. (D) Expression of typical markers of precursor antibody secreting cells (DN2) in our DN clusters. (E) Breakdown of cells positive for TBX21 transcripts
(which encodes Tbet) by the cell clusters defined in this dataset. (F) Differential expression analysis of Tbet+ and Tbet- DN cells. (G) Change in expression levels of
selected genes through the pseudotime order of M-mem1, DN3 and DN2 cells.
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Typically, this has been done using surface markers to separate cell
types and then ascribing functions to the subsets. However,
averaging effects over a heterogeneous population can quite often
mask important information. The advent of single-cell technologies
enables more precise differentiation between cell types and more
understanding of their possible functions based on the genes
transcribed. There is a wealth of immunological data based on
phenotypic subset separation and maximization of insight to be
gained from all available information requires the unification of
phenotype and transcriptome techniques. Here we used scRNAseq
on the major peripheral B cell populations of an individual, FACS
sorted by IgD, CD27 and CD10 (Transitional, Naive, IgMMemory,
Classical Memory, Double Negative), to consolidate the phenotype
with the transcriptome. Building upon conventional clustering,
pseudotime and RNA velocity analyses, we devised a geometry-
Frontiers in Immunology | www.frontiersin.org 865
inspired method to summarize information from individual RNA
velocity streams, and derived quantifications for the transitions
between cell clusters (Figures 2F, G). RNA velocity analysis has
been widely developed and applied since its conception (32, 44),
providing insights into the transcriptional dynamics of single cells.
Individual velocity streams could be difficult to interpret, especially
in systems where multi-way transitions amongst several cell clusters
are possible. It is worth noting that as a result of phenotypic
characterization, in order to ensure the clearest transcriptomes of
functionally relevant phenotypes, intermediates between states
might have been missed. Here we devised a method to build
upon these individual velocity streams and provide a summary
score, which allowed us to consider the dynamical relationships
between all the discovered cell clusters in an unbiased manner
(Figure 2G).
A
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FIGURE 4 | DN1 and DN4 cells. (A) Expression level of DN1 markers illustrated with a dot plot. (B) Differential expression analysis of DN1 compared with other DN
clusters. (C) Gene ontologies of DN1 markers. The top 5 pathways in this GO overrepresentation analysis were illustrated. Top markers overlapping these pathways
are noted on the plot. (D) Expression levels of DN4 markers illustrated with a dot plot. (E) Differential expression analysis of DN4 compared with other DN clusters.
(F) Inferred protein-protein interaction network of IL4R and its direct neighbors. The expression levels of these genes in the DN4 cluster were mapped onto the
nodes of the network.
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We have found that the DN population (IgD-CD27-) clusters
into four different sub-populations. Our DN1/4 populations both
have increased levels of switched Ig genes and CD24 expression.
Sporadic expression of CD21 and CD11c in the DN1/4 makes
them hard to identify, however, CD24 and switched Ig
expressions suggests they are ‘precursor memory’ or ‘switched
memory’ cells (16, 45). This is highlighted by the RNA velocity
data which displays high flow between our precursor memory
(DN1/4) and classical memory populations whose development
is closely linked (46). The ‘closeness’ of this relationship and flow
between populations is further highlighted by HB34 and HB78
and the proximity of DN1/4 cells to the classical memory cells;
particularly when there is only partial coverage in the
transcriptome of the main marker (CD27) for differentiating
the two populations.

Our DN2 population differentially expressed more TBX21
and FCRL5 but no CD24, matching the descriptions of Age-
related B cells and extrafollicular ASCs (8, 14, 16, 34). The DN3
population shares no previously described gene expression
profile, but the RNA velocity data shows DN3 cells flow
predominantly into DN2 cells. It is possible the DN3
Frontiers in Immunology | www.frontiersin.org 966
population are activated naïve (aNAV) cells which develop
into precursor ASCs, but the only marker we find for the
aNAV population is high IgM expression with the other major
markers (e.g. increased TRL7, CD11C and decreased CXCR5,
CD21) lacking sufficient coverage in the transcriptome to make a
definitive conclusion. Additionally, our velocity flow from IgM
memory to DN3/2 suggests an alternative activation pathway
distinct from the activated naïve (aNAV) cell pathway previously
described in SLE patients (8).

Together the transcriptome, UMAP analysis and RNA
trajectories, all suggest that DN1/4 and DN2/3 are separate DN
memory compartments that contribute to two distinctly different
branches of development with hardly any crossover between
them (Figures 2F, G). T-independent B cells responses are
known to expand the IgM memory cell population and plasma
cell lineage commitment (47–50) which would appear, on the
evidence provided here, to be occurring through an IgM
memory/DN3/DN2 pathway. We therefore suggest that these
two pathways represent the T-independent (DN2/3) and T-
dependent (DN1/4) B cell developmental pathways. The end
points of both these pathways, DN2 and C-mem2, have RNA
A B

FIGURE 5 | Comparison between classical memory (C-mem) and double-negative (DN) memory B cells. (A) Differential expression analysis of C-mem and DN cells.
(B) Expression of differentially expressed genes between C-mem1/2 and DN2/3 visualized in a dot plot.
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velocity arrows continuing to point outwards which may indicate
further development, for example into ASCs.

IgM memory cells display several genes involved in actin
regulation and cell to cell interactions that might suggest
formation of B cell synapses. Expression of the gene MARCKS
has recently been found to increase lateral motility of the BCR by
modulating the cytoskeleton (39), CD44 is a known lymphocyte
activator (37, 38), TCF4 (E2-2) a developmental transcription
factor which regulates the IgG enhancer (24, 40), and SMARCB1
a chromatin re-modeler that relives repressive structures (51).
The presence of a distinct number of IgM cells strongly
expressing CD1C, a marginal zone B cell marker (52), is
supportive of the idea that these are circulating marginal zone
cells following a T-independent pathway of differentiation (42,
53, 54); this separation of IgMmemory into two clusters is clearly
visible in all three patients. In contrast to other clusters, which
have limitations as to their interactions with other groups, the
RNA velocity data seems to suggest that cells from the Mmem2
cluster could give rise to cells in many different groups in all
branches of the model (Figure 2F).

It is worth noting that the DN1 population is enriched in IgA,
particularly genes encoding IgA2 and J chain. This, despite
exclusion of immunoglobulin related genes from the clustering,
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indicates that IgA2-expressing cells are functionally different
from the IgG-expressing cells (Figure 3B). In a similar fashion,
we also found an IgE-expressing sub-population of DN cells,
DN4. This population is over represented in the data due to our
enrichment of the DN subset by FACS sorting and, in reality,
represents approximately 0.5% of total B cells in this volunteer;
DN making up 1.46% of this patients B cells (Supplementary
Figure S1) and 34.21% of cells in the DN clusters are DN4. Even
this level is unusually high and is assumed to be the result of
exposure to cat hair 3 days prior to sampling although no
symptoms were present at blood draw. CD27-IgE+ cells have
been seen previously (55), alongside CD27+IgE+ cells, but in
these data DN4 is the only cluster to show IgE expression
(Figures 1C, 3B). The study of IgE-expressing cells is usually
hampered by their scarcity, the poor polyadenylation of IgE
transcripts and the difficulties in distinguishing IgE-expressing
cells from those binding to IgE via FcϵRII (56, 57). Single cell
transcriptomics can circumvent the antibody staining issues and
shows here that this population seems to be activated, given the
evident RNA velocity stream into and out of DN4 from other
clusters (Figure 2G). The presence of CD24 transcripts and RNA
velocity flow into the classical memory population suggests these
are memory precursors, although this is difficult to reconcile with
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FIGURE 6 | IgM memory cells. (A) Transcriptional markers for IgM Memory cells in comparison to other FACS-defined populations. (B) Numbers of genes and
transcripts expressed per cell in M-mem1 and M-mem2 clusters. (C) Expression of CD1C and AP3B1 in M-mem1 and M-mem2 clusters. (D) Expression of
differentially expressed genes between M-mem1 and M-mem2 cells. (E) Gene set enrichment analysis of the inferred PPINs for the M-mem1 and M-mem2 cells. The
top 10 most significant pathways are shown here.
March 2021 | Volume 12 | Article 602539

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Stewart et al. Single-cell B Cell Atlas
the lack of IgE in the classical population. The tendency for some
DN4 velocity arrows to point away from the UMAP plot might
indicate that these cells are precursor to ASCs, as we have
suggested for DN2 and C-mem2.

We also briefly note that transitional and naive cell
populations are transcriptionally homogenous. The T1, T2 and
T3 transitional cells that have previously been distinguished by
gradations of surface markers such as CD10, or CD24+CD38+,
are not clustered separately in this data; potentially the result of
read depth issues inherent in single-cell approaches and
therefore requiring surface marker annotation (e.g. CITE-seq).
RNA velocity highlights the highly directional development of
transitional cells into naive cells, but only indicates small
velocities out of the naive pool into memory. This may look
different in an immune challenged volunteer where one would
expect active differentiation between naïve and memory.
However, the naïve to memory differentiation processes may
occur in tissue and not be apparent in the blood.

The occasional disparities between mRNA and protein level
gene expression means that markers in the transcriptome do not
always translate into the proteome and vice versa. Our atlas of
peripheral blood B cells can be used as a tool to identify the same cell
subsets in other single-cell transcriptome datasets, using referenced-
based bioinformatic approaches. It can also be used to identify new
markers for tractable methods of B cell sorting (Supplementary
Figure S6). It is worth noting that transcriptome data can suffer
from lack of sequencing depth, so previously well-known
phenotypic markers may not always be reliable at a single cell
Frontiers in Immunology | www.frontiersin.org 1168
level. For example, CD27 suffers from incomplete transcript
coverage. When clustering data from B cells we strongly suggest
removal of variable genes and immunoglobulin constant regions as
these tend to skew UMAP results. For example, the kappa lambda
light chain distinction between cells is clear and the resulting skew
can mask important transcriptomic differences between other, more
functional, distinctions. We also note that in this dataset we only
find TBX21+ cells in the DN population and not in the naive
compartment as with SLE (8, 9, 58). Additionally, we did not find a
population of FCRL4+ DN cells typical of HIV patients (59),
highlighting the uniqueness of these populations to particular
immune disorders.

In summary, we show branching pathways of B cell
development that appear to separate into T dependent and T-
independent pathways. The subset of B cells previously known as
“Double negative” contains a variety of different cells belonging
to both pathways. DN3 and DN2 being in the T-independent
pathway closely related to IgMMemory cells, and DN1 and DN4
being more closely related to classical memory cells. In addition,
the serendipitous use of an allergic individual after allergen
contact has helped to show an IgE-expressing B cell subset
within the DN family (DN4), but clustering on its own
separate branch of the RNA velocity pathway. That said, it
seems to have strong links to the T-dependent development
pathway containing classical memory cells and the DN1 cluster
rather than the IgM memory/DN3/DN2 development pathway.
The data we have collated can be used to map these B cell subsets
in other single cell transcriptomic data.
A

B

FIGURE 7 | Validation in additional donor samples. (A) scRNAseq data of three individuals (HB6 [on whose cells all analyses above were based], HB34, and HB78)
were projected onto the same dimensionality-reduced space using UMAP. Cells were clustered separately in each sample and colored accordingly. (B) Breakdown
of each cell cluster in the HB34 and HB78 data in terms of their phenotypic identities.
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B- and T-lymphocyte attenuator (BTLA/CD272) is an inhibitory checkpoint molecule
expressed on T and B cells. Prior studies reported defective function of BTLA by T cells in
patients with systemic lupus erythematosus (SLE), whereas nothing is known about its
role on B cells in SLE, a disease with various B cell abnormalities. Peripheral blood
mononuclear cells (PBMCs) from 23 healthy donors (HD) and 34 SLE patients were
stained for BTLA and its expression on B cells was assessed. PBMCs or CD27-IgD+ naive
B cells were stimulated together with an activating anti-BTLA antibody or an inhibitor of
spleen tyrosine kinase (SYK) and differentiation as well as the expression of activation
markers CD71, PD-1 and CD86 were analyzed. Our phenotypic and functional studies
revealed reduced BTLA expression on CD27-IgD+ naïve B cells from SLE patients
(p=0.0017) related to anti-dsDNA antibody titers (p=0.0394) and SIGLEC-1/CD169
expression on monocytes (p=0.0196), a type I interferon marker related to disease
activity. BTLA engagement was found to control CpG/TLR9 activation limiting
plasmablast (p=0.0156) and B cell memory induction (p=0.0078) in normal B cells in
contrast to other B cell activation pathways (CD40, BCR). These BTLA functions were
impaired in SLE B cells. Inhibition of SYK was found to mimic the effects of BTLA activity in
vitro. Thus, is it possible that reduced BTLA expression and function of CD27-IgD+
antigen- and T cell-inexperienced SLE B cells could be overcome by SYK inhibition which
should be tested in future studies as potential therapeutic principle.

Keywords: BTLA/CD272, SLE, B cells, SYK, plasmacytosis
INTRODUCTION

B- and T-lymphocyte attenuator (BTLA/CD272) is an inhibitory checkpoint molecule that is
constitutively expressed on B cells (1, 2) and permanently associated with the B cell receptor (BCR)
(3). The type I transmembrane glycoprotein of the immunoglobulin (Ig) superfamily contains three
tyrosine residues within immunoreceptor-tyrosine-inhibitory motifs (ITIMs) and
immunoreceptor-tyrosine-switch-motif (ITSM) (4). Upon activation, tyrosine residues are
phosphorylated and recruit the phosphatase Src-homology-region-2-domain-containing
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phosphatase-1 (SHP-1), which dephosphorylates downstream
kinases (4). The ligand of BTLA, herpesvirus entry mediator
(HVEM) is expressed on resting T cells, naïve and memory B
cells (mBC) in the peripheral blood and belongs to the tumor
necrosis factor receptor (TNFR) family (5). Functionally, BTLA
engagement reduces proliferation, cytokine production and
cytolytic function of T cells (4, 6, 7).

BTLA-/- mice show a breakdown of B cell tolerance
with polyclonal B and T cell activation (8) and lack of
BTLA accelerates a lupus-like phenotype (9). Systemic
lupus erythematosus (SLE) is an autoantibody-mediated
autoimmune disease characterized by a breach of immune
tolerance resulting in substantial B and T cell abnormalities.
Characteristically, abundance of autoantigens (10) in SLE
together with enhanced plasmacytosis related to disease
activity reflect constant activation of (auto)immune cells with
simultaneous predominance of post-activated B and T cells (11–
13). In humans, a functional polymorphism of BTLA is
associated with susceptibility for rheumatoid arthritis (RA)
(14), whereas no differences in alleles, genotypes and
haplotypes of the BTLA gene were found between SLE patients
and healthy donors (HD) (15). There are different findings
regarding BTLA expressed on lupus T cells (6, 16), even
though SLE T cells exhibited abnormal BTLA function (6). In
HD, BTLA is highly expressed on naïve B cells and regulates BCR
responses (1, 3) but data regarding BTLA expression on SLE B
cells and its potential role in autoimmunity are lacking.
MATERIALS AND METHODS

Donors
EDTA-anticoagulated blood was drawn from 23 HD (age 36 ±
12y (mean ± standard deviation SD), range 22-62y, 65% female)
and 34 SLE patients (age 38 ± 11y, range 23-64y, 94% female).
Donor demographics including patients’ medications can be
found in the supplementary material (Table S1). The study
was approved by the local ethics committee of Charité
Universitätsmedizin Berlin and written consent was obtained
from all patients.

Isolation of Mononuclear Cells
PBMCs were isolated as described previously (17).

Whole Blood Stainings for SIGLEC-1
Lysis of EDTA-anticoagulated blood and staining for SIGLEC-1
expression on CD14+ monocytes was performed as previously
described (18).

Stainings for Flow Cytometry
0.5-2x106 PBMCs were stained for 15 min at 4°C with different
combinations of antibodies (Table S2) and washed before
acquisition. 4,6-Diamidine-2-Phenylindole (DAPI) (Molecular
Probes, Eugene, USA) or LIVE/DEAD Fixable Blue Dead Cell
Stain Kit (ThermoFisher Scientific, Waltham, USA) was used to
identify dead cells according to the manufacturer’s protocol.
Cells were acquired on a FACS Canto II or LSR Fortessa X-20
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flow cytometer (BD Biosciences, Heidelberg, Germany) (Figure
S1A) (19). For quality control, CS&T Beads (BD Biosciences),
SHPERO Calibration Particles (BD Biosciences) and in some
experiments, application settings have been used to obtain
reproducible median fluorescence intensities (MFIs). The
isotype control of BTLA was measured in a fluorescence minus
one (FMO) control approach.

Magnetic-Activated Cell Sorting and
Fluorescence-Activated Cell Sorting
B cells were purified using B cell isolation kit II according to the
manufacturer’s instructions (Miltenyi, Bergisch Gladbach,
Germany), stained and CD19+CD20+CD27-IgD+ B cells were
sorted with a FACS Aria I or FACS Aria II cell sorter (BD
Biosciences) (Figure S1B).

Cell Culture
PBMCs or sorted naïve B cells were rested for 30 min at 37°C in
medium (RPMI 1640/10% FBS/1%Pen/Strep, all ThermoFisher).
96-well cell culture plates were coated for 2 hours at 37°C with 10
µg/ml anti-BTLA antibody (clone MIH26, Biolegend, San Diego,
USA) or 10 µg/ml isotype control (mouse IgG2ak, Biolegend) and
washed two times with PBS. 1x106 PBMCs or 3-5x104 naïve B cells
were seeded per well and pre-incubated with coated antibodies for
30 min. Naïve B cells were stimulated with 0.02 µg/ml IL-2
(Miltenyi), 0.02 µg/ml IL-10 (Miltenyi), 0.5 µg/ml aBCR F(ab)2
IgM/IgA/IgG (aBCR, Jackson ImmunoResearch, Ely, UK), 2.5 µg/
ml CpG ODN 2006 (Miltenyi) and 0.5 µg/ml previously crosslinked
CD40L (Miltenyi) or medium as control at 37°C and 5% CO2 in a
humidified incubator. PBMCs were cultured under the same
conditions and with the same stimulation cocktail mentioned
above or with CpG or CD40L alone. In some experiments, 10 µM
SYK inhibitor entospletinib (GS-9973, SelleckChem, Munich,
Germany) dissolved in DMSO or DMSO (Sigma Aldrich, St.
Louis, MO, USA) alone as a control was added to the culture.
After five days, cells were harvested and subjected to staining.
Concentrations were used according to prior titration experiments.

Short-Term Stimulation
PBMCs were rested for 30 min in RPMI at 37°C after isolation
and stimulated with 19.5 µg/ml aBCR F(ab)2 IgM/IgA/IgG or
RPMI for 5 min. Cells were then lysed/fixed (BD Lyse/Fix Buffer,
BD Biosciences) and subsequently permeabilized with Perm
Buffer II (BD Biosciences) according to the manufacturer’s
instructions. Intracellular staining of pSYK Y352 and markers
to identify respective subsets was carried out for 1 h at room
temperature and cells were acquired on a BD LSR Fortessa X-20.

Data and Statistical Analysis
Flow cytometric data was analyzed with FlowJo version 10
(FlowJo, BD Biosciences. Statistical analysis was performed
with GraphPad Prism 6 or 8 software (Graphpad Software).
Significance was tested by Wilcoxon signed rank test for paired
comparisons and Mann Whitney U test for comparison of
unpaired samples. Correlation was assessed by Spearman’s
rank correlation. Differences with a P value < 0.05 were
considered statistically significant.
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RESULTS

Reduced BTLA Expression Is
Characteristic of Naïve SLE B Cells
BTLA expression was compared between B cell subsets from HD
and SLE patients (Figure 1). BTLA was higher expressed on
CD27-CD20+ conventional naïve B cells compared to
CD27+CD20+ conventional mBC in all donors (Figure 1A,
gating strategy Figure S1A). CD27-CD20+ conventional naïve
B cells of SLE patients displayed a significantly lower BTLA
expression compared to HD (p=0.0016). This lower
BTLA expression was detected for both CD27-IgD+ pre-switch
naïve and CD27-IgD- double-negative (DN, atypical) SLE mBCs
compared to HD (Figure 1B, CD27-IgD+ p=0.0017, CD27-IgD-

p=0.0248), while CD27+ conventional mBC expressed similar
Frontiers in Immunology | www.frontiersin.org 373
levels of BTLA in SLE patients and HD. CD27++CD38++

plasma cells (PC) carried a substantially lower BTLA surface
expression compared to naïve B cells similar to those of memory
B cells (HD range MFI 5025-10451, SLE range 4021 – 10528) but
the expression did not differ between SLE patients and HD
(Figure S2A, p>0.05).

BTLA Expression on Naïve Pre-Switch SLE
B Cells Correlates Inversely With SIGLEC-
1 Expression, a Marker for Type I
Interferon Signature and Anti-dsDNA
Antibody Titers
We further analyzed if BTLA expression on B cell subsets
correlated with SIGLEC-1 (CD169) expression on monocytes,
a type I interferon signature marker (20) and anti-double-
A

C

D

B

FIGURE 1 | BTLA surface expression is reduced on naïve SLE B cells and inversely correlates with SIGLEC-1 (CD169) expression and anti-dsDNA antibody titers
in SLE patients. (A, B) Representative histograms of BTLA expression and isotype control on B cell subsets in HD defined by CD27 and CD20 (A) and CD27 and
IgD (B) derived from peripheral blood and summary data (MFI) for SLE patients and HD. Bars represent median. HD n=14, SLE n=24, Mann-Whitney U Test.
(C) Spearman’s rank correlation of BTLA expression (MFI) on CD27-CD20+, CD27-IgD+ and CD27-IgD- B cells with SIGLEC-1 expression on CD14+ monocytes in
patients with SIGLEC-1 MFI >2000, HD are shown as control (HD n=12, SLE n=15). (D) Spearman’s rank correlation of BTLA surface expression (MFI) on CD27-

CD20+, CD27-IgD+ and CD27-IgD- B cells with anti-dsDNA antibody titers (U/ml, n=18). *p < 0.05, **p < 0.01, ns means not significant.
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stranded DNA (dsDNA) antibodies (Figures 1C, D). Among 23
SLE patients, two were SIGLEC-1 negative (MFI <500), while the
others expressed moderate to high levels of SIGLEC-1 (range
SIGLEC-1 MFI 320-5743). All HD were SIGLEC-1 negative
(range SIGLEC-1 MFI 0-374). In SLE patients with a high
interferon signature (MFI SIGLEC-1 >2000), the expression of
BTLA on CD27-CD20+ and CD27-IgD+ pre-switch naïve B cells
correlated inversely with SIGLEC-1 expression on monocytes
(CD27-CD20+ p=0.0051, r=-0.6964, CD27-IgD+ p=0.0196, r=-
0.6023, Figure 1C) as well as with anti-dsDNA titers (CD27-

CD20+ p=0.0404, r=-0.4871, CD27-IgD+ p=0.0394, r=-0.4891,
Figure 1D). There was no correlation between both parameters
and BTLA expression on CD27-IgD- DN (atypical) B cells
(Figures 1C, D). BTLA expression on any of the B cells
subsets did not correlate with lupus activity in patients with
moderate to high disease activity (SLEDAI ≥4, Figure S2B).
Frontiers in Immunology | www.frontiersin.org 474
Activation of BTLA Reduces Differentiation
of B Cells Into Plasmablasts in Healthy
Controls
Functional studies addressed consequences of BTLA engagement
on the differentiation of B cells into PB upon various stimulation
conditions. After TLR9 stimulation in peripheral blood
mononuclear cell (PBMC) cultures, we observed a substantial
increase of CD27++CD20low PB in HD (Figure 2A, medium
control: 2.6 ± 2.3% (mean ± SD), CpG control: 15.4 ± 14.5%).
Most noteworthy, pre-incubation with a functionally active anti-
BTLA antibody resulted in a markedly diminished PB induction
of HD B cells after stimulation (p=0.0156, 8.2 ± 10.2%), whereas
no such effect was observed after CD40 stimulation alone or
combined stimulation of BCR, CD40 and TLR9 (Figure S3A).
This indicates that BTLA is a critical checkpoint molecule
counteracting TLR9-dependent differentiation of B cells into PC.
A

B

C D

FIGURE 2 | BTLA activation inhibits differentiation of HD B cells but not SLE B cells. (A) HD PBMCs were stimulated with CpG for five days in the presence of an
activating anti-BTLA antibody or isotype control. Representative dotplots and cumulative data of plasmablast frequencies among CD19+CD20+/- B cells. HD n=8.
(B) Sorted CD27-IgD+ naïve HD B cells were stimulated with a combination of IL-2, IL-10, aBCR, CpG and CD40L for five days at 37°C and 5% CO2 in the
presence of an activating anti-BTLA antibody or isotype control. Representative dot plots of CD19+CD20+/- B cells and cumulative data of the frequency of CD27+

cells among CD19+CD20+/- B cells. HD n=7. (C) SLE PBMCs were stimulated as in A). Representative dot plots of CD19+CD20+/- B cells with plasmablast
frequencies and cumulative data. n=7. (D) Sorted CD27-IgD+ naïve SLE B cells were stimulated as in B). Representative dot plots of CD19+CD20+/- B cells and
cumulative data of the frequency of CD27+ cells among CD19+CD20+/- B cells. n=3. Statistical significance was assessed by using Wilcoxon signed rank test. **p < 0.01.
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Expression of Activation Markers Is Not
Affected by BTLA Treatment
Subsequently, we addressed whether markers of activation were
altered by BTLA activation. We analyzed CD71 as a marker of
proliferation, the costimulatory molecule CD86 as well as the
co-inhibitory molecule PD-1 as activation markers at day five
after stimulation with and without prior BTLA engagement
(Figures S3C–E). All markers studied were upregulated in HD
upon stimulation but pre-treatment with anti-BTLA did not
alter the expression of these markers (p>0.05).

BTLA Activation Inhibits Differentiation of
Naïve B Cells From Healthy Controls In
Vitro
Next, we wondered whether differentiation of naïve B cells
upon stimulation with IL-2, IL-10, CpG, anti-BCR (aBCR) F
(ab)2 IgM/IgG/IgA and CD40L for five days would be affected
by BTLA activation, since BTLA expression was maximal on
these cells at baseline compared to other B cell subsets
(Figures 1A, B). Indeed, activation of BTLA reduced
differentiation induced by stimulation of HD naïve B cells
into CD27+ B cells (p=0.0078, Figure 2B). We conclude, that
BTLA represents a checkpoint molecule that controls
differentiation of naïve B cells into mBC.
Frontiers in Immunology | www.frontiersin.org 575
Activation of BTLA Does Not Inhibit or
Reduce Differentiation of B Cells in SLE
Subsequently, PBMCs and sorted CD27-IgD+ naïve B cells of SLE
patients were stimulated under the same conditions as HD cells
(Figures 2C, D, Figure S3B). Interestingly and in striking
contrast to control B cells, SLE B cells showed lower
differentiation rates into PBs (CpG control: 8.2 ± 9.9%; CpG
aBTLA: 9.6 ± 12.1%) and CD27+ B cells (stim control: 21.7 ±
31%; stim aBTLA: 19.9 ± 31.5%), and no changes were found
under BTLA activation as shown by the resulting frequencies of
PBs or CD27+ B cells (p=0.2969; p=0.2500). This observation
was consistent with findings of isolated or combined stimuli
(Figure S3B). The data suggest that differentiation of SLE B cells
in contrast to HD are not controlled by BTLA.

Inhibition of SYK Reduces Differentiation
of B Cells In Vitro
BTLA is constitutively associated with the BCR and recruits the
phosphatase SHP-1 to the BCR complex upon activation which
dephosphorylates SYK and thus counter regulates activation (3,
4). In addition, SYK plays an essential role in CpG-induced
activation and differentiation (21) as also reported recently by
our group (11). Therefore, we wondered if inhibition of SYK
would lead to similar functional consequences of BTLA
A

C D

B

FIGURE 3 | Inhibition of SYK results in reduced differentiation and activation of PBMC from HD and reduced phosphorylation of pSYK in pre-switch CD27-CD20+ B
cells from HD and SLE patients. (A) HD PBMCs were stimulated with CpG for five days together with the SYK inhibitor entospletinib or DMSO as a control. Resulting
frequencies of CD27++CD20low plasmablasts among CD19+CD20+/- B cells and cumulative data. HD n=6. (B) Sorted CD27-IgD+ naïve HD B cells were stimulated
with a combination of IL-2, IL-10, CpG, aBCR and CD40L for five days at 37°C and 5% CO2 with or without the SYK inhibitor entospletinib. Cumulative data of the
frequency of CD27+ cells among CD19+CD20+/- B cells. HD n=5. (C, D) SLE and HD PBMCs were stimulated for 5 min with aBCR and stained for pSYK Y352 in
combination with markers to identify CD27-CD20+ (C) and CD27+CD20+ (D) B cell subsets. A representative histogram and the MFI of pSYK Y352 is shown. HD
n=7, SLE n=6. Wilcoxon signed rank test. *p < 0.05.
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engagement during B cell activation. Indeed, inhibition of SYK
led to a reduction of PB and CD27+ B cell formation of activated
PBMC and naïve B cells from controls (Figures 3A, B)
mimicking the effects seen for BTLA activation (Figures 2A, B).

BCR-Induced Phosphorylation of SYK
Cannot Be Inhibited in SLE Memory
B Cells
Since short-term stimulat ion of the BCR leads to
phosphorylation of SYK (11), we wanted to assess if SYK
inhibition can reduce SYK phosphorylation in SLE and HD B
cells as a first step of cell activation (Figures 3C, D). Staining of
pSYK Y352 revealed reduced phosphorylation after pre-
incubation with the SYK inhibitor entospletinib in CD27-

CD20+ naïve SLE and HD B cells (SLE p=0.0313, HD
p=0.0156, Figure 3C). CD27+CD20+ conventional memory B
cells from SLE patients displayed lower responsiveness to BCR
stimulation than HD (11) and the SYK inhibitor did not affect
SYK phosphorylation in SLE memory B cells (p>0.05, Figure
3D). In HD mBC, entospletinib reduced SYK phosphorylation
(p=0.0313). These data suggests that BTLA and SYK pathways
may have overlapping activity.
DISCUSSION

We here describe BTLA expression on HD B cell subsets in
comparison to those of SLE patients and functional in vitro effects
of BTLA activation. While HD naïve B cells express higher levels of
BTLA than mBC (1) we show that SLE naïve B cells exhibit
significantly reduced expression of BTLA compared to HD naïve
B cells, possibly leading to disturbances during B cell activation.
Consistently, BTLA expression correlated inversely with SIGLEC-1
expression on monocytes as a type I IFN marker and anti-dsDNA
antibody titers. Thus, a lower BTLA expression on naïve SLE B cells
was related to a more pronounced IFN signature. Whether this is an
intrinsic or a functional consequence remains unclear.

Activation of BTLA by a monoclonal antibody with known
intrinsic activity did not alter the expression of markers for
activation and B cell proliferation as described before (22). In
BTLA-deficient B cells, slightly augmented responses to
stimulation by anti-IgM were described (23). Here, we found a
prominent effect of BTLA activation during CpG-induced
differentiation of B cells to PB and differentiation from CD27-

to CD27+ B cells after combined stimulation of BCR, CD40 and
TLR9. While HD B cells displayed reduced differentiation after
anti-BTLA treatment, this effect was absent in SLE B cells
suggesting a defective checkpoint of B cell differentiation. In
this regard, studies in SLE patients reported that peripheral PB
originate not only from memory but also naïve B cells (24)
consistent with defective checkpoints for memory as well as
naïve B cells. Stimulation with CpG induced clustering of BTLA
with the BCR in 55% of B cells similar to stimulation with anti-
IgM, suggesting a role for BTLA during CpG-induced
stimulation next to BCR signaling (25). Since we studied
plasmablast differentiation in PBMC cultures, non-B cells
Frontiers in Immunology | www.frontiersin.org 676
expressing BTLA could be affected by anti-BTLA and could act
indirectly on B stimulation. However, the impact seems to be
different between HD and SLE patients although additional
studies on purified B cells would be required.

SLE B cells are described to be in a post-activated state (11,
12) affecting naïve and memory B cells in contrast to Sjögren’s
and rheumatoid patients where only memory B cells are affected
(11), and do not respond as well to stimulation as HD B cells.
This is related to enhanced protein tyrosine/serine/threonine
phosphatase activity leading to reduced overall phosphorylation
upon stimulation (11). We observed similar effects for BTLA
activation able to engage phosphatase Src-homology-region-2-
domain-containing phosphatase-1 (SHP-1) and SYK inhibition
where the net result of BTLA leading to increased phosphatase
activity including control of Syk phosphorylation could explain
the current findings. How the interaction of these two pathways
is interrelated, is subject of further research.

Since we included mainly active SLE patients, post-activated
SLE B cells did not react well to stimulation. Additionally, all of
the patients received medication due to active disease, including
a majority receiving hydroxychloroquine. Prior studies (11, 12),
however, could also identify anergic post-activated naïve and
memory B cells in untreated, new onset SLE as intrinsic
characteristic independent of treatment. Thus, studies of
patients carrying a broader spectrum of lupus activity and
possibly also without receiving any medication might be
important to further elucidate BTLA function in SLE.

In summary, reduced BTLA expression and lack of inhibition
during differentiation into mBC and PB in SLE patients is
consistent with an intrinsically abnormal checkpoint function
of BTLA. This lack of immune control may explain enhanced
plasmacytosis in patients originating from memory but also
naïve SLE B cells. Inhibition of a key downstream
phosphokinase, SYK, as a crossroad of BCR and TLR9
activation, may overcome this abnormal checkpoint of
comprehensive B cell disturbances in SLE. Our data suggests
that BTLA and SYK pathways may overlap with the possibility
that SYK inhibitors may overcome abnormalities of BTLA in
SLE. Even though, the SYK inhibitor fostamatinib has already
demonstrated efficacy in another humoral autoimmune disease,
immune thrombocytopenia (26), additional investigations are
needed to better understand the mechanistic overlap between
BTLA and SYK as potential new strategy for SLE.
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Although fingolimod and interferon-b are two mechanistically different multiple sclerosis
(MS) treatments, they both induce B cell activating factor (BAFF) and shift the B cell pool
towards a regulatory phenotype. However, whether there is a shared mechanism
between both treatments in how they influence the B cell compartment remains elusive.
In this study, we collected a cross-sectional study population of 112 MS patients (41
untreated, 42 interferon-b, 29 fingolimod) and determined B cell subsets, cell-surface and
RNA expression of BAFF-receptor (BAFF-R) and transmembrane activator and cyclophilin
ligand interactor (TACI) as well as plasma and/or RNA levels of BAFF, BAFF splice forms
and interleukin-10 (IL-10) and -35 (IL-35). We added an in vitro B cell culture with four
stimulus conditions (Medium, CpG, BAFF and CpG+BAFF) for untreated and interferon-b
treated patients including measurement of intracellular IL-10 levels. Our flow experiments
showed that interferon-b and fingolimod induced BAFF protein and mRNA expression
(P ≤ 3.15 x 10-4) without disproportional change in the antagonizing splice form. Protein
BAFF correlated with an increase in transitional B cells (P = 5.70 x 10-6), decrease in
switched B cells (P = 3.29 x 10-4), and reduction in B cell-surface BAFF-R expression
(P = 2.70 x 10-10), both on TACI-positive and -negative cells. TACI and BAFF-R RNA levels
remained unaltered. RNA, plasma and in vitro experiments demonstrated that BAFF was
not associated with increased IL-10 and IL-35 levels. In conclusion, treatment-induced
BAFF correlates with a shift towards transitional B cells which are enriched for cells with an
immunoregulatory function. However, BAFF does not directly influence the expression of
the immunoregulatory cytokines IL-10 and IL-35. Furthermore, the post-translational
mechanism of BAFF-induced BAFF-R cell surface loss was TACI-independent. These
observations put the failure of pharmaceutical anti-BAFF strategies in perspective and
provide insights for targeted B cell therapies.
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INTRODUCTION

Interferon-b (IFN-b) and fingolimod are mechanistically very
different multiple sclerosis (MS) treatments. Nonetheless, both
converge in increasing B cell-activating factor (BAFF), newly
formed and transitional B cells while decreasing memory B cells
(1–5). BAFF is increasingly recognized as a key factor in B cell
development, survival, immunoglobulin production and
T cell stimulation (6). Transitional B cells are enriched for
regulatory cells producing interleukin-10 (IL-10) (7) while
memory B cells are more likely to have a pro-inflammatory
function driving relapsing disease (8). A spontaneous BAFF
increase has been observed in other autoimmune diseases and can
correlate with disease progression (9, 10). Intriguingly, BAFF
depletion is a therapeutic strategy in systemic lupus
erythematosus (11) whereas it may exacerbate MS (12, 13). This
highlights the importance of understanding the specific role of the
BAFF-pathway in MS treatment. The BAFF-pathway is highly
complex and it is unknown which mechanisms are responsible
for the MS treatment-induced increase in BAFF levels. While BAFF
itself is stimulatory, a BAFF splice form lacking an exon
(deltaBAFF) can co-multimerize with full-length BAFF to oppose
its function (14, 15). BAFF acts through different receptors, of which
the two most important are BAFF-receptor (BAFF-R) and
transmembrane activator and cyclophilin ligand interactor (TACI)
(16, 17). Interactions between BAFF-receptors and CD40, a known
B cell-related MS risk gene (18), have been reported (19, 20). To
date, we do not fully understand how different MS treatments
influence BAFF biology and direct the B cell compartment towards
an immature phenotype. An improved understanding of their mode
of action would put the failure of pharmaceutical anti-BAFF
strategies in perspective and provide insights for targeted B cell
therapies. In the present study, we evaluated in a cohort of untreated
as well as IFN-b- or fingolimod-treated patients how treatments
influence BAFF splice forms and receptors, and how these link to
the cell subset shift within, and the regulatory function of, the B
cell compartment.
MATERIALS AND METHODS

Study Population
A study population of 112 unrelated patients of Caucasian
descent fulfilling McDonald 2010 criteria for MS was included
between May and November 2017 at the University Hospitals
Leuven. We specifically selected untreated patients and patients
treated with IFN-b or fingolimod. Overlap with our earlier work
(1) is 14% (6/41 untreated), 21% (9/42 IFN-b) and 34% (10/29
fingolimod), respectively, where overlapping patients were
Abbreviations: ADAM, A disintegrin and metalloproteinase domain-containing
protein; BAFF, B-cell activating factor; BAFF-R, B-cell activating factor receptor;
ICOSLG, Inducible T cell costimulator ligand; IL-10, Interleukin 10; IFN-b,
Interferon-b; FGLM, Fingolimod; MFI, Mean fluorescent intensity; MS,
Multiple sclerosis; PBMCs, Peripheral blood mononuclear cells; RQ, Relative
quantity; TACI, Transmembrane activator and cyclophilin ligand interactor;
UNT, Untreated.
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sampled at an earlier time-point. The same treating physician
(B.D.) collected clinical and demographic data during patient
follow-up (Table 1). The study was approved by the Ethics
committee of the University Hospitals Leuven (S60222).

Cell Isolation and Storage
Heparinized blood was collected from patients to isolate
peripheral blood mononuclear cells (PBMCs) using
lymphocyte separation medium (Lymphoprep, Stemcell
Technologies). PBMCs were frozen in 10% dimethyl sulfoxide
(Sigma) in combination with foetal bovine serum and stored in
liquid nitrogen.

Immunophenotyping of B Cells Through
Flow Cytometry
We processed PBMCs of the entire study population in four
different batches. Frozen PBMCs were thawed, washed twice
with PBS (Fisher Scientific) and stained with live/dead marker
(Zombie Yellow™ Fixable Viability dye, eBioscience) and
fluorochrome-conjugated antibodies against surface markers:
anti-CD19 BV510, anti-CD24 BV421, anti-IgD APC-Cy7 (all
BioLegend); anti-CD27 AF-700, anti-CD38 APC, anti-CD40 PE-
Cy7, anti-BAFF-R FITC (all eBioscience); anti-CD86 PE-CF594,
and anti-TACI BV650 (all BD Biosciences). A total of five B cell
subpopulations could be measured using the following gating
strategy as previously reported (18): total (CD19+), transitional
(CD19+CD24hiCD38hi), naïve (CD19+CD27-), unswitched
memory (CD19+CD27+IgD+) and switched memory B cells
(CD19+CD27+IgD-). We measured expression of CD40, BAFF-
R and TACI as percentage of positive cells for all five B cell
subsets and as mean of fluorescence intensity (MFI) across
positive cells for each cell type. The absolute cell counts of
plasmablasts (CD19+CD24-CD38hi) were too low (< 100 cells)
to reliably determine expression levels. Data were collected on
BD Symphony flow cytometer (BD Biosciences). For data
analysis, we used FlowJo (LLC, V10). Supplementary Figure 1
shows representative FACS plots.

Cell Cultures and Intracellular IL-10
Flow Cytometry
Cells were thawed and suspended in RPMI-1640 medium
(HyClone) containing 10% FBS, penicillin (50 U/mL) and
streptomycin (50 µg/mL). We enriched thawed PBMCs for B cells
using the EasySep human B cell enrichment kit and brought 83,000
enriched B cells of six untreated and six IFN-b-treated patients in
culture. Numbers of B cells were too low in PBMCs from
fingolimod-treated patients in order to be included in this
experiment. Cells were counted with a Bürker counting chamber.
In both groups, we selected the patients with the highest percentages
of transitional B cells within the B cell population as this is our main
cell subset of interest. We cultured cells in vitro during 60 hours in
96-well plates. Cells were unstimulated or stimulated with human
BAFF recombinant protein (50ng/mL, R&D systems) and/or CpG
(1µg/mL, IDT). For intracellular staining, cells were stimulated for 4
hours in RPMI+10%FBS containing ionomycin (750ng/ml,
Biotechne), PMA (100 ng/ml, Sigma) and brefeldin A (2µg/ml,
Biotechne). After stimulation, we stained cells for surface markers
May 2021 | Volume 12 | Article 676619
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[CD19-APCR700, CD24-BV711 (all BD Biosciences); CD27-APC-
efluor780, CD38-PECy7, CD14-PerCP-Cy5.5, CD3-FITC (all
eBioscience)] and viability [Zombie Aqua 516 (BioLegend)]. Cells
were fixed and permeabilized according to the manufacturer’s
protocol [(BD Biosciences) and stained intracellularly with
antibodies against human IL-10 (IL-10-PE (BD Biosciences)].
Cells without BAFF/CpG stimulus were used as negative controls
for cytokine staining. A total of four B cell populations were
measured using the following gating strategy: total B (CD19+),
transitional (CD19+CD24hiCD38hi), naïve (CD19+CD27-) and
memory (CD19+CD27+) B cells. Flow cytometry was performed
on a BD LSR Fortessa X20. Results were analysed with FlowJo (LLC,
V10). Supplementary Figure 2 shows representative FACS plots.

Droplet Digital PCR
To quantify gene expression, we extracted and reverse transcribed
RNA from total PBMCs using a high-capacity cDNA reverse
transcription kit (Thermo Fisher). We determined the appropriate
input concentration for low-abundant targets based on the lower
limit of quantification (> 100 copies/well) and for high-abundant
targets based on the average droplet saturation level (≤ 80%). RNA
quantification on digital droplet PCR was conducted according to
the manufacturer’s instructions with predesigned gene expression
assays from Thermo Fisher. We used 15 ng cDNA for full-length
BAFF (TNFSF13B, Hs00198106_m1), 50 ng cDNA for deltaBAFF
(TNFSF13B , Hs04234382_m1), BAFF-R (TNFRSF13C ,
Hs00606874_g1), and TACI (TNFRSF13B, Hs00963364_m1), and
150 ng for IL10 (Hs00961622_m1), IL12p35 (IL12A,
Hs01073447_m1) and EBI3 (Hs00194957_m1). Specificity of the
BAFF-R gene expression assay, which may also amplify genomic
DNA, for cDNA was verified by including non-transcribed RNA
input. We measured the housekeeping genes POLR2A
(Hs00172187_m1, 15 ng input), IPO8 (Hs00183533_m1, 50 ng
input), MRPL19 (Hs00608519_m1, 50 ng input) and HPRT1
(Hs99999909_m1, 50 ng input). We recalculated all measured
gene expression levels to reflect the amount expressed using an
input concentration of 50 ng. We normalized the target gene
expression by the average expression of four housekeeping genes.

Cytokine Quantification
In patients, we measured circulating plasma levels of BAFF using
a human BAFF Quantikine ELISA (R&D Systems) and plasma
IL-10 by electrochemiluminescence immunoassay using the
Meso Scale Discovery plates. We performed all measurements
Frontiers in Immunology | www.frontiersin.org 381
on the entire study population on two 96-well plates including a
duplicate eight-point standard curve.

Statistical Analysis
In the study population of 112 individuals, we omitted from the
analysis missing data points or outlier measurements deviating
more than five standard deviations from the mean at immune,
protein, RNA or DNA level. Sample size for each analysis is
included in the figure legends. Using R v3.6.1, we performed a
linear regression of the immunological parameters obtained with
flow cytometry in function of treatment status, age and gender. If
there was suspicion that statistical significance could be driven by
extreme datapoints, a sensitivity analysis was performed by
repeating the linear regression without the extreme data points.
For correlation analysis, a linear regression was performed between
a dependent and independent variable with age, gender and
treatment as a covariate. To test for differences between the
stimulation conditions, we used a dependent-samples Sign-test.
To test for differences between untreated and IFN-b treated
patients in the stimulation experiment, we used a Wilcoxon test.
We applied a Bonferroni correction factor for multiple testing of 30
cellular variables (based on both % positive cells and MFI tested for
three cell surface molecules in five B cell populations) generating a
corrected significance threshold P value of 0.0017. This multiple
testing correction is actually highly conservative given the extensive
correlation between many of the assessed variables on flow
cytometry. In our follow-up experiments (RNA, cytokine,
correlations and cell culture experiments), we applied a nominal
significance threshold (P = 0.05).
RESULTS

We collected PBMCs from a cross-sectional study population of 112
MS patients, of which 41 were untreated and 42 and 29 were treated
with IFN-b or fingolimod, respectively (Table 1). Fingolimod treated
patients were on average younger than IFN-b and untreated patients
and had a shorter disease and treatment duration.

BAFF Increase Induced by MS Treatments
Modulates the B Cell Compartment to an
Early B Cell State
At cellular level, we observed a strong step-wise increase in the
percentage of transitional B cells from IFN-b (P = 4.50 x 10-3) to
TABLE 1 | Study population.

Demographical/clinical characteristics Untreated Interferon-b Fingolimod

Number of patients, N 41 42 29
Female/Male 31/10 24/18 16/13
Age (years), mean (± SD) 55.8 (± 12.5) 49.0 (± 11.8) 39.3 (± 10.6)
Age at onset (years), mean (± SD) 36.2 (± 11.5) 34.5 (± 11.4) 25.7 (± 9.0)
Disease course, BO/PP 32/9 42/0 29/0
Disease duration (years), mean (± SD) 20 (± 13) 15 (± 9.1) 14 (± 8.3)
MSSS, mean (± SD) 3.7 (± 2.6) 3.1 (± 2.8) 1.9 (± 1.7)
Treatment duration (years), mean (± SD) – 7.5 (± 6) 4.5 (± 3.2)
May 2021 | Volume 12 | A
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fingolimod (P = 2.59 x 10-15) compared to untreated MS patients
(Figure 1A). We did not observe a significant decrease in
switched memory B cells (Figure 1B). Soluble BAFF protein
levels as well as BAFF mRNA expression levels were increased in
IFN-b and fingolimod (P ≤ 3.15 x 10-4) (Figures 1C, D). The
increase in full-length BAFF mRNA was mirrored by a
proportional rise in deltaBAFF mRNA lacking exon 3 (ratio:
P ≥ 0.61) (Figures 1E, F). To understand how cellular and
cytokine alterations interact, we looked at correlations between
both levels. Plasma BAFF levels correlated with an increase in
transitional B cells (P = 5.70 x 10-6) (Figure 1G) and a decrease
in switched B cells (P = 3.29 x 10-4) (Figure 1H). The positive
correlation was specific for transitional B cells and no association
surviving multiple testing was seen for naïve B cells (P = 0.0029).

Treatment-Induced BAFF Is Associated
With BAFF-R Loss Independent of TACI
Subsequently, we investigated changes in the two most important
BAFF-receptors, BAFF-R and TACI, after treatment. This was
quantified both as percentage of positive cells and as mean cell
surface expression levels (MFI). In fingolimod-treated patients,
the decrease in BAFF-R expression was highly significant in
all evaluated B cell subsets (1.77 x 10-5 ≤ P ≤ 3.42 x 10-8) and
most manifest in terms of effect size on transitional B cells
Frontiers in Immunology | www.frontiersin.org 482
(Figures 2A–D). This observation was paralleled by a significant
decline in the percentage of BAFF-R+ B cells and subsets (5.44 x
10-4 ≤ P ≤ 1.54 x 10-8) (Supplementary Figure 1). In IFN-b-
treated patients, likewise a consistent decrease in BAFF-R
cell-surface expression levels was seen (0.010 ≤ P ≤ 5.77 x 10−3)
(Figures 2A–D), although the same step-wise effect across
treatments as for BAFF levels above meant this did not survive
conservative Bonferroni-correction. The levels of TACI cell-
surface expression and the percentage of TACI+ cells remained
remarkably constant in all B cell subsets in both treatments
(Figures 2A–D, Supplementary Figure 3). These changes
resulted in an increased ratio of TACI on BAFF-R cell surface
expression in all B cell subsets. In particular for transitional B
cells, this increased ratio correlated modestly with the frequency
of transitional B cells (P = 0.030) (Figure 2E). The steep reduction
of BAFF-R expression on total B cells was inversely proportional
to BAFF plasma levels (P = 2.70 x 10-10) (Figure 2F). We
observed no significant differences surviving multiple testing
correction in CD40 expression level or percentage CD40+ B cells
in treated versus untreated patients (Supplementary Figure 4).
In contrast to cell surface protein levels, we could not
observe any treatment-induced differences in TACI/BAFF-R
ratio when assessing mRNA expression levels of individual
receptors (P ≥ 0.058) (data not shown), suggesting a post-
A B

D E F

G H

C

FIGURE 1 | Expression of BAFF and BAFF spliceforms according to treatment status. Association of treatment status (UNT = untreated, IFNB = interferon-b,
FGLM = fingolimod) with (A) transitional B cells (NUNT = 41, NIFNB = 42, NFGLM = 29), (B) switched memory B cells (NUNT = 40, NIFNB = 42, NFGLM = 29),
(C) BAFF protein levels (NUNT = 41, NIFNB = 42, NFGLM = 29), (D) relative quantity (RQ) of full-length BAFF (NUNT = 41, NIFNB = 42, NFGLM = 29), (E) relative
quantity (RQ) of deltaBAFF (NUNT = 41, NIFNB = 42, NFGLM = 29), (F) the ratio of deltaBAFF versus full-length BAFF (NUNT = 41, NIFNB = 41, NFGLM = 29).
Correlation of BAFF protein levels with (G) transitional B cells and (H) switched memory B cells. P-values ≤ 0.05 are depicted and were calculated from linear
regression of the immunological or expression variable in function of treatment status (reference = UNT) with age and gender as a covariate. P values for the
correlation of protein BAFF with immune subsets was calculated with a linear regression (reference = UNT) with treatment, age and gender as covariates. Box-
whisker plots represent median, quartiles and 1.5 x IQR.
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translational mechanism such as shedding of BAFF-R. As BAFF-R
shedding may be TACI-dependent, we distinguished between
TACI-positive and TACI-negative cells for all B cell subsets. The
reduction of BAFF-R expression on the cell surface across
treatments was equally pronounced in TACI- versus TACI+ total
B cells (Figures 2G, H), and all B cell subsets (Supplementary
Figure 5).

Treatment-Induced BAFF Changes Do Not
Stimulate Immunoregulatory Cytokines in
B Cells
Regulatory B cells, producing the anti-inflammatory cytokines
interleukin-10 (IL-10) and interleukin-35 (IL-35), are enriched
amongst transitional B cells. We measured expression of IL-10
Frontiers in Immunology | www.frontiersin.org 583
plasma protein levels and IL-10 as well as IL-35 subunits, IL-
12p35 and EBI3, at the RNA level in total PBMCs. A significant
increase in plasma IL-10 was limited to IFN-b-treated patients
(P = 0.046) (Figure 3A). At the RNA level, no changes were seen
for IL-10 (Figure 3B), and treatment even induced a decrease in
expression of IL-35 (Figures 3C, D). In contrast to the
correlations seen for transitional B cells, neither BAFF (Figure
3E) nor the ratio of TACI over BAFF-R (Figure 3F) protein
levels correlated with plasma IL-10 levels.

As IL-10 plasma or RNA assays have limited sensitivity
ex vivo, we additionally included intracellular IL-10 flow
cytometry in an in vitro experiment where B cells of untreated
and IFN-b-treated patients were cultured for 60 hours in
medium or medium with B cell stimuli CpG and/or BAFF
A B

D

E F

G H

C

FIGURE 2 | B cell surface expression of BAFF-R and TACI according to treatment status. Association of treatment status (UNT = untreated, IFNB = interferon- b,
FGLM = fingolimod) with mean fluorescence intensity (MFI) of BAFF-R (dark grey) and TACI (light grey) on (A) total B, (B) transitional B, (C) naïve B and (D) switched
memory B cells (NUNT = 41, NIFNB = 42, NFGLM = 29). (E) Correlation of transitional B cells with the ratio of the mean fluorescence intensity (MFI) of TACI on
BAFF-R on transitional B cells. (F) Correlation between BAFF-R expression level on total B cells and BAFF plasma concentration. Association of treatment status
with mean fluorescence intensity (MFI) of BAFF-R on (G) TACI- total B and (H) TACI+ total B cells (NUNT = 41, NIFNB = 42, NFGLM = 29). P values ≤ 0.05 are
depicted. For plot (A–D, G, H): P values were calculated with a linear regression of the immunological or expression variable in function of treatment status with age
and gender as a covariate. For plot (E, F): P values were calculated with a linear regression of BAFF plasma level/TrB cells in function of receptor expression levels
with age, gender and treatment status as a covariate. We measured expression of BAFF-R and TACI as mean of fluorescence intensity (MFI) across positive cells for
each cell type. Box-whisker plots represent median, quartiles and 1.5 x IQR.
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(Figures 4A–H). In B cells from IFNB-treated patients, both
transitional B cells (P = 2.17 x 10-3) (Figure 4B) and IL-10
producing B cells (P ≤ 0.015) (Figure 4E) were proportionally
increased compared to untreated patients. CpG induced a shift
towards more transitional B cells and less memory B cells in the
untreated as well as IFN-b condition (Figures 4B, D). Moreover,
CpG alone or in combination with BAFF induced IL-10
producing B cells, particularly in the naïve subset, in untreated
MS patients (Figures 4F, G). Under the influence of BAFF
stimulation, we found that total live B cells decreased after 60
hours of culture (P = 0.031) (Figure 4A). Regarding the B cell
subsets, BAFF induced a modest rise in the fraction of
transitional and naïve B cells whereas the relative amount of
memory B cells was reduced (Figures 4B–D). In contrast to
CpG, BAFF alone did not exert an influence on the intracellular
IL-10 production capacity in any of the B cell subsets
(Figures 4E–H).
DISCUSSION

IFN-b and fingolimod converge in inducing a BAFF increase at
the RNA and protein level that is correlated with a sharp increase
in the numbers of transitional B cells. DeltaBAFF is the most
established alternative splice form of BAFFmissing exon 3 and as
a consequence lacking 57 nucleotides while including an
additional glycosylation site. This splice form is highly
conserved between mice and humans. In cell culture and
animal models, deltaBAFF can exert an antagonizing function
on full-length BAFF and alterations in the ratio of the two splice
forms may play a role in limiting BAFF bioavailability (14, 15). In
Frontiers in Immunology | www.frontiersin.org 684
our ex vivo human approach, however, we found that upon MS
treatment the BAFF alternative splice form was proportionately
upregulated compared to the full-length form and the ratio
between the two was unchanged.

Treatment with IFN-b and fingolimod significantly altered the
ratio between B cell surface expression of the two most important
BAFF receptors, BAFF-R and TACI. Under the influence of
treatment, there was a BAFF-induced decrease of BAFF-R cell
surface expression on all B cell subsets. On the RNA level, BAFF-R
expression remained unchanged implying a role for BAFF-
induced post-translational processes. Feedback mechanisms
adjusting BAFF and BAFF-R levels to the requirements of
BAFF-dependent B cell subsets have previously been observed in
mice and primary immunodeficiency patients (21, 22). For TACI,
on the contrary, our study showed that RNA and cell surface
expression was steady and unaltered in the light of treatment,
extending on previous observations of soluble TACI dynamics in
fingolimod treated subjects (5). This contradicts earlier results in
mice demonstrating an expansion of TACI+ transitional B cells
in response to BAFF (23). Our data on BAFF-R changes upon
treatment were not seen in in vitro experiments (5), which suggests
this type of analysis may not fully reflect the mechanism of action
of fingolimod in vivo. Moreover, our data were only partially
compatible with the recently reported mechanism in which BAFF-
R undergoes ligand-induced shedding (24). In that study, BAFF-R
shedding was reported to be TACI-dependent as shedding was
only observed in human EBV cell lines or mouse cell lines co-
expressing BAFF-R and TACI. In contrast, in our ex vivo samples
BAFF-induced BAFF-R loss occurred both in TACI+ and in TACI-

B cells, implying that TACI-independent mechanisms must be
involved such as for example shedding or ligand-dependent
A B

D E F

C

FIGURE 3 | Expression of regulatory cytokines according to treatment status. Association of treatment status (UNT = untreated, IFNB = interferon- b, FGLM =
fingolimod) with (A) IL-10 plasma cytokine levels (NUNT = 40, NIFNB = 42, NFGLM = 29) and (B) the relative quantity (RQ) of IL10 (NUNT = 41, NIFNB = 40,
NFGLM = 29), (C) RQ of IL12p35 (NUNT = 39, NIFNB = 38, NFGLM = 27) and (D) RQ of EBI3 (NUNT = 36, NIFNB = 38, NFGLM = 26). (E) Correlation of IL-10
with BAFF plasma levels. (F) Correlation of IL-10 plasma levels with the ratio of the mean fluorescence intensity (MFI) of TACI on BAFF-R on transitional B cells.
P-values ≤ 0.05 are depicted. (A-D): P values were calculated from linear regression of the gene expression variable in function of treatment status (reference = UNT)
with age and gender as a covariate. (E, F): P values were calculated with a linear regression of IL-10 levels in function BAFF/receptor expression levels with age,
gender and treatment status as a covariate. Data points omitted in the sensitivity analysis are indicated with arrows. Box-whisker plots represent median, quartiles
and 1.5 x IQR.
May 2021 | Volume 12 | Article 676619

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Smets et al. BAFF Expression in MS Treatment
A B

D

E F

G H

C

FIGURE 4 | BAFF enhances B cell subset shift, but not IL-10 production, in treated patients. Association of treatment status (UNT = untreated, visualized in white;
IFNB = interferon-b, visualized in dark grey) and stimulation condition (medium, BAFF, CpG or BAFF + CpG) with (A) B cells (NMedium= 6 UNT, 6 IFNB; NBAFF= 6
UNT, 6 IFNB; NCpG= 6 UNT, 6 IFNB; NCpG+BAFF= 6 UNT, 6 IFNB), (B) transitional B cells (NMedium= 6 UNT, 6 IFNB; NBAFF= 6 UNT, 6 IFNB; NCpG= 6 UNT, 6
IFNB; NCpG+BAFF= 6UNT, 5 IFNB), (C) naïve B cells (NMedium= 6 UNT, 6 IFNB; NBAFF= 6 UNT, 6 IFNB; NCpG= 6 UNT, 6 IFNB; NCpG+BAFF= 6 UNT, 5 IFNB),
(D) memory CD27+ B cells (NMedium= 6 UNT, 6 IFNB; NBAFF= 6 UNT, 6 IFNB; NCpG= 6 UNT, 6 IFNB; NCpG+BAFF= 6 UNT, 5 IFNB), (E) IL10+ B cells
(NMedium= 6 UNT, 6 IFNB; NBAFF= 6 UNT, 6 IFNB; NCpG= 6 UNT, 6 IFNB; NCpG+BAFF= 6 UNT, 5 IFNB), (F) IL10+ transitional B cells (NMedium= 6 UNT, 6
IFNB; NBAFF= 6 UNT, 6 IFNB; NCpG= 6 UNT, 6 IFNB; NCpG+BAFF= 6 UNT, 5 IFNB), (G) IL10+ naïve B cells (NMedium= 6 UNT, 6 IFNB; NBAFF= 6 UNT, 6 IFNB;
NCpG= 6 UNT, 6 IFNB; NCpG+BAFF= 6 UNT, 5 IFNB) and (H) IL10+ memory CD27+ B cells (NMedium= 6 UNT, 6 IFNB; NBAFF= 6 UNT, 6 IFNB; NCpG= 6 UNT,
6 IFNB; NCpG+BAFF= 6 UNT, 5 IFNB). To test for differences between untreated and IFNB treated patients, we used a Wilcoxon test. To test for differences
between medium and other stimulation conditions or CpG and CpG + BAFF within the IFNB treated and untreated patients, we used a Sign-test. P values ≤ 0.05
are depicted. Box-whisker plots represent median, quartiles and 1.5 x IQR.
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internalisation and degradation, which require further
investigation. These differences between in vitro and ex vivo data
may be related to different members of the A Disintegrin And
Metalloproteinase domain-containing protein (ADAM) family
involved in cleaving the receptor from the cell surface (24).
Notably, ADAM17 has been implicated in BAFF-R shedding in
B cell lines, where TACI-dependence was seen, whereas ADAM10
cleaves BAFF-R in primary B cells, such as in our patient cohort
where we do not observe BAFF-R shedding being dependent on
TACI. Activation of the two receptors by BAFF could lead to
opposing effects on B cells, and the increase of TACI over BAFF-R
may result in an inhibitory signal, leading to less proliferation and
to apoptosis (19, 25). On the other hand, different B cell subsets
have different affinities for BAFF-driven survival signals. B cell
maturation arrests in the transitional stage when BAFF-R is
deficient (26, 27) whereas the survival of memory B cells is – in
mice at least – largely BAFF independent (28, 29). In our data
post-treatment, the higher ratio of TACI over BAFF-R specifically
on transitional B cells was correlated with an increased proportion
of transitional B cells within the B cell pool.

Transitional B cells are enriched in IL-10 producing cells.
Their relative abundance contributes to a more regulatory
immune state (7, 30). However, our ex vivo and in vitro data
did not underpin a negative or positive direct effect of BAFF or
BAFF-R shift on IL-10 production. As a positive control, we
replicated the previously described effects of IFN-b and CpG on
B cell IL-10 production (31, 32), but this is independent of and
not augmented by a BAFF stimulus under treatment. This
contrasts with animal data and human data from
lymphoproliferative or other autoimmune diseases showing the
involvement of BAFF in inducing a regulatory B cell phenotype
through TACI signalling (33, 34). In particular, human and mice
monoclonal chronic lymphocytic leukaemia B cells increased
intracellular IL-10 production upon stimulation with BAFF and
CpG versus either condition alone, and this was reduced by
blocking TACI (34). In human healthy donors, on the other
hand, at most a very modest increase in IL-10 production by
BAFF and CpG versus CpG and no effect of BAFF only was seen.
This is in line with our data on MS patients. A similar
observation was done for IL-35, another cytokine reported to
have a B cell regulatory function in mice (35, 36). MS treatments
inducing the BAFF pathway did not increase, indeed, they even
decreased, expression of IL-35 and its subunits. Although an in
vitro effect of IFN-b on CD40 has previously been reported (31),
our ex vivo data do not demonstrate a significant shared effect of
IFN-b and fingolimod on CD40 B cell surface expression.
Altogether, our findings suggest that changes in the BAFF
pathway induced upon MS treatment contribute to a shift in B
cell subset composition towards transitional B cells but do not
upregulate B cell regulatory cytokines. Other pathways may be
involved in IL-10 production in B cells. In MS patients with
helminth infections, there is a compensatory abundance of IL-
10-producing B cells through a mechanism that is largely
dependent on the Inducible T cell costimulator ligand
(ICOSLG)-pathway and not on the CD40, CD80 or CD86
pathways (37). Further investigation is required to understand
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whether the same mechanism leads to IL-10 upregulation in
current pharmacological MS treatments.

Our data shed further light on current concepts regarding
BAFF in autoimmune disease. Blocking BAFF using a range of
monoclonal antibodies reduces immunoglobulin G and auto-
antibody titres (11, 12), which may explain its registered use in
antibody-positive systemic lupus erythematosus (SLE) where it
reduces organ damage and disease flares (11). Clinical trials
blocking BAFF in MS warranted by animal models also
decreased antibody titres (12) but failed in terms of treatment
outcome in MS, where B cell subset shifts appear more important
(12, 13, 38). Immunologically, BAFF depletion reduces
transitional and naïve B cells while increasing memory B cells.
This is the exact opposite of the B cell dynamics under the
influence of established MS treatments, including the two
treatments in our study (39). Based on our work, we can now
hypothesize that BAFF induces changes in the ratio of BAFF
receptors which in turn contribute to B cell subset shifts.
Observations on different disease mechanisms of the BAFF
pathway underlying the amalgam of autoimmune diseases are
in line with the CD40 dichotomy. The same CD40 single
nucleotide polymorphism is shared across autoimmune
diseases but with opposite effects in antibody-related diseases
such as SLE versusMS, where the role of shifts in B cell subsets is
highlighted again (18). Transitional B cells are precursors for
mature B cells. They are enriched for IL-10 producing cells, and
any shift towards transitional B cells would increase these cells
proportionally. However, all B cell subsets, including naïve and
memory subsets, are able to produce IL-10 (7, 32). In addition, a
reduction in memory B cells decreases the pro-inflammatory
state of the immune system (8). Our data indicate that IL-10
induction in MS does not depend on the BAFF-BAFF-R
pathway. Hence, therapeutic strategies to foster the function of
IL-10 need to be explored independently of the B cell subset shift
induced by BAFF.

Our study was based on a routine clinical setting in a tertiary
outpatient clinic. While we corrected for heterogeneity in age
and sex, additional variables affecting treatment decisions,
patient compliance, and treatment response are potential
confounders. Fingolimod induces, apart from a B cell subset
shift, also a strong decrease in T and B cell numbers in the
peripheral blood. This limits the feasibility of experiments
starting from sorted B cells, as for our in vitro data. However,
we focus on mechanisms concerning the BAFF-pathway that
have been demonstrated as a convergence between treatments.
For this purpose, we were able to collect blood samples from a
large study population of MS patients. Whereas we were only
able to assess changes in the peripheral blood, and not the target
tissue, there is active exchange between the CNS and peripheral
blood (40, 41), and changes in the peripheral blood have
previously been shown to be able to capture genetic variation
important for MS (18). Moreover, immunomodulatory
treatments are not administered directly into the CNS, and
thus the likely location of activity is in the periphery, where
our analysis took place. In addition, we realize that our ex vivo
human data might differ from previously reported in vivo animal
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data and do not allow to make a distinction between association
and causation. However, we believe that these ex vivo human
data are highly important in a context where clinical trials with
treatments that were highly promising in and mechanistically
underscored by animal data have failed in human patients, and
where the reason for their failure remains currently unexplained
(12, 13).

In summary, MS treatments induce signalling through the
BAFF-BAFF-R pathway which redirects the B cell compartment
towards transitional B cells without change in IL-10 levels. Similarly,
there was no role for IL-35, CD40 and TACI. Our observations
regarding the BAFF receptor dynamics further highlight the
disparity between data collected from animal models or other
immune diseases versus human MS. Therefore, careful scrutiny of
the human B cell compartment in MS patients is necessary to guide
future B cell-targeted therapies.
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Membranous nephropathy (MN), an autoimmune glomerular disease, is one of the most
common causes of nephrotic syndrome in adults. In current clinical practice, the diagnosis
is dependent on renal tissue biopsy. A new method for diagnosis and prognosis
surveillance is urgently needed for patients. In the present study, we recruited 66 MN
patients before any treatment and 11 healthy control (HC) and analyzed multiple aspects
of the immunoglobulin heavy chain (IGH) repertoire of these samples using high-
throughput sequencing. We found that the abnormalities of CDR-H3 length,
hydrophobicity, somatic hypermutation (SHM), and germ line index were progressively
more prominent in patients with MN, and the frequency of IGHV3-66 in post-therapy
patients was significantly lower than that in pre-therapy patients. Moreover, we found that
the IGHV3-38 gene was significantly related to PLA2R, which is the most commonly used
biomarker. The most important discovery was that several IGHV, IGHD transcripts, CDR-
H3 length, and SHM rate in pre-therapy patients had the potential to predict the
therapeutic effect. Our study further demonstrated that the IGH repertoire could be a
potential biomarker for prognosis prediction of MN. The landscape of circulating B-
lymphocyte repertoires sheds new light on the detection and surveillance of MN.

Keywords: B-cell receptor repertoire, membranous nephropathy, high-throughput sequencing, immunoglobulin
heavy chain, biomarkers
INTRODUCTION

Membranous nephropathy (MN) is the most common cause of idiopathic nephrotic syndrome in
non-diabetic adults worldwide, representing between 20 and 37% in most series and rising to as high
as 40% in adults over 60 (1, 2). MN is characterized by thickening of the glomerular basement
membrane (GBM) and rigid capillaries (3). It is widely accepted that MN is an autoimmune reaction
to inherent podocyte antigens. The antigenic targets of these antibodies are most often PLA2R and
THSD7A (4, 5).
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Clinical ly, the diagnosis of MN depends on the
histopathologic features of renal biopsy. However, renal biopsy
is an invasive procedure, and it could increase the potential for
kidney infection. Moreover, during pre- and post-treatments,
repeating kidney biopsies to monitor disease progression is
inconvenient. Patients badly need a dependable and minimally
invasive biomarker to diagnose MN, assess disease stage, and
evaluate treatment effect. Thanks to recent advances, we now
know that some novel biomarkers have been developed, and the
most commonly used biomarker is APLA2R (6–8). APLA2R has
shown some potential in MN, but there are still some false
positives and false negatives. As a result, more novel biomarkers
are needed.

In recent years, arguments about MN have led to the
conclusion that B cells play a key role in the disease, and the
treatment targeting the B lymphocyte could be more significant.
Rituximab (RTX) has been a novel anti-CD20 monoclonal
antibody in patients with nephrotic syndrome due to MN (9).
After RTX, the use of belimumab is a new step in B-lymphocyte-
targeting therapy (10). Belson et al. (11) assessed the effect of
belimumab on proteinuria and PLA2R serology in patients with
PLA2R-related MN. These treatments targeting the B
lymphocyte indicated that the pathogenesis of MN was
strongly associated with B-lymphocyte repertoire.

At present, many studies using B-cell receptor repertoire
high-throughput sequencing (BCR-HTS) have characterized
the B-cell repertoires and demonstrated their diagnostic,
therapeutic, and prognostic significance in different immune-
related diseases, including autoimmune diseases (12),
immunoglobulin A nephropathy (13), and gastric cancer (14).
The B-lymphocyte repertoire could reflect the B-cell immune
condition in MN, and sequencing the B-cell receptors to
investigate the diversity of B lymphocytes provided a new path
to understand the pathogenesis of the disease.

Numerous studies have focused mostly on the immune status
of immunoglobulin A nephropathy rather than on MN. Chen
Huang et al. (13) presented a comprehensive landscape of T-cell
receptor beta chain (TCRb) and IGH in immunoglobulin A
nephropathy patients. Dapeng Chen et al. (15) analyzed the
CDR-H3 clones of immunoglobulin A nephropathy patients and
Minglin Ou et al. (16) also reported B- and T-cell repertoires
CDR3 sequences in immunoglobulin A nephropathy patients.
Compared to it, there are few studies about IGH genes in MN.

In this study, we analyzed the IGH repertoire of healthy
control (HC) and pre- and post-therapy MN patients by BCR-
HTS. We found that six IGHC, one IGHD, and 24 IGHV genes
were significantly different betweenMN patients and HC. For the
IGHV genes, most of them belong to the IGHV3 and IGHV4
families. The analysis of the CDR-H3 length, hydrophobicity,
and somatic hypermutation (SHM) also revealed significant
difference between MN patients and HC. Moreover, we found
that the frequency of IGHV3-66 in post-therapy patients was
significantly lower than that in pre-therapy patients, and IGHV3-
38 genes were significantly related to PLA2R, which is the
commonly used biomarker. Importantly, we identified 12
IGHV genes, and two IGHD genes were significantly different
Frontiers in Immunology | www.frontiersin.org 290
between complete remission (CR) and non-CR patients.
Moreover, the CDR-H3 length and SHM rate in the IgM
subtype were observed to be higher in the CR group. All the
results demonstrated that the IGH repertoire has the potential to
be a novel biomarker for prognosis prediction in MN.
METHODS

Samples
This study was approved by the Ethics Committee of the
Affiliated Foshan Hospital of Sun Yat-Sen University. From
2017 to 2018, we recruited 66 patients with MN before any
treatment. Clinical characteristics of the MN patients are shown
in Tables 1 and S1. The disease diagnosis criterion of MN was
established by renal biopsy. The kidney tissue biopsies of 66
patients were examined by light microscopy, electron
microscopy, and immunofluorescence. Peripheral blood
samples were collected before treatment for the 66 patients.
Among them, the peripheral blood samples of 13 patients were
collected at 6 months after treatment. Assessment of disease state
indicators included 24 h urine protein, serum albumin, PLA2R
status, uric acid, and serum creatinine, which were collected in
renal biopsy and the follow-up at 6 months after therapy.
According to Kidney Disease: Improving Global Outcomes
(KDIGO), we evaluated the prognostic condition of the MN
patients (17, 18). Without a history of cancer, autoimmune
disorder, or surgery, 11 healthy volunteers were recruited as
HC, and peripheral blood samples were drawn from each person.
Peripheral blood mononuclear cells (PBMCs) were isolated
immediately and lysed with TRIzolR reagent (Life, US), then
frozen at −80°C.

High-Throughput Sequencing
of IGH Repertoire
Following the manufacturer’s instructions, we extracted RNA
from PBMC lysates using a total RNA Kit (OMEGA Bio-tek,
US). For each sample, we used the SMARTer PCR cDNA
synthesis kit (Clontech, US) to reverse transcribe 1 µg total
RNA into cDNA. To amplify a fully sequenced IGH strand
fragment, the 5′RACE-ready cDNA was used as a template for a
5′RACE-PCR with forward universal primer and reverse mix
primers specific to the IGH constant region Ca (IGHA), Cm
(IGHM), Cg (IGHG), Cd (IGHD), and Cϵ (IGHE) (The primer
T

V

G
A
2
S
P
S
s

ABLE 1 | Summary of clinical characteristics of the patients and healthy control.

ariable MN patients Healthy control P-value

ender (female/male) 24/42 2/9 0.316
ge (years) 51(16–69) 48(24–61) 0.325
4 h UP (g) 4.15(0.32–15.9) / /
erum albumin (g/L) 26.85(15.7–42.1) / /
LA2R (Ru/ml) 76.39(0.6–1500) / /
erum creatinine (µmol/L) 76.5(38–165) / /
erum uric acid (µmol/L) 413(181–848) / /
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list is shown in Table S3). The PCR conditions were as follows:
3 min denaturation at 94°C was followed by 40 cycles of 15 s at
94°C, 30 s at 58°C, and 45 s at 72°C, plus a final extension for
10 min at 72°C. Next, we used the gel extraction kit (QIAGEN,
German) to purify the products by 2% agarose gel
electrophoresis. Illumina HiSeq sequence adaptors were ligated
to construct sequencing libraries, which were then sequenced on
an Illumina HiSeq Xten platform. Data from the IGH repertoire
library sequencing can be provided on request.

Bioinformatics Analysis of the IGH
Repertoire HTS Data
The sequencing data was stored in a FASTQ format. After
filtering low-quality sequences, the high-quality sequences were
aligned with the BCR reference sequences by BLAST (-stepSize =
5 –minIdentity = 0 –minScore = 0) (19). The reference sequences
were downloaded from the IMGT/GENE database (20). If V, J,
and C genes in a given sequence were all identified, we
further translated them into an amino acid (aa) sequence. The
aa sequences without a terminator were selected as the
productive BCR sequences. At the V–D–J junctions, the
sequences that started with cysteine and ended with the
tryptophan were defined as CDR-H3. The source code of our
own BCR sequence bioinformatical analysis tool is available
on request.

Indices in This Study
We selected the Shannon index and Simpson index to estimate
the diversity in the BCR repertoire. Both of them take into
consideration the two components that constitute the concept of
diversity, the richness of a population and its homogeneity. The
richness of a population is defined by its total number of species,
and homogeneity measures the distribution of the species (21–
23). The formulas of the Shannon index and Simpson index are
as follows:

Shannon index  = −oi
ni
N

� �
log2

ni
N

� �
;

Simpson index  = 1=oi ni=Nð Þ2;
where i is an index that is chosen between 1 and the number of
species s; ni is the number of sequencing reads in species i; and N
is the total number of reads.

Kyte–Doolittle index of hydrophobicity in CDR-H3 was
calculated based on the normalized Kyte–Doolittle scale which
assigned one value to each amino acid (24). SHM introduces
additional diversity in the IGH repertoire of mature B cells and
allows selection of high-affinity antibodies. SHM rate was
calculated by dividing the number of point mutations by the
total number of nucleotides in the V gene of our sequences (25).
The germline index (GI) can be used to estimate the abundance
of palindromic and “N” nucleotides and was calculated by
dividing the number of nucleotides in the CDR3 that were
encoded by V, D, and J genes by the total number of
nucleotides contained in the CDR3, generating a value between
0 and 1 (26).
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Statistical Analysis
Comparisons between groups were conducted using the Mann–
Whitney U test or the Wilcoxon signed rank test if appropriate,
and P <0.05 was considered statistically significant. The
Spearman correlation coefficient (r) was used to measure the
linear correlation between pairs of variables. These analyses were
performed using GraphPad Prism software (version 5.1), SPSS
(version 20.0), and R software (version 3.4.1; http://www.
Rproject.org).
RESULTS

Clinical Characteristics of the Patients
The demographic and clinical characteristics of the patients are
summarized in Tables 1 and S1. With regard to the pre-therapy
MN patients, 42 of them were male, and 24 of them were female.
The average age of the patients was 51 years old. There we no
significant differences in gender and age between the MN
patients and HC. The average 24 h proteinuria measurement
was 4.15 g for MN patients and varied largely among patients
(0.32 g/24 h–15.9 g/24 h). Serum creatinine, serum albumin, uric
acid, and PLA2R also varied extensively among MN patients,
with an average level of 76.5 µmol/L, 26.8 g/L, 413 µmol/L, and
76.39 Ru/ml, respectively.

Profiling of the IGH Sequencing Data
A total of 119,300,197 productive aa sequences were obtained
from 92 blood samples of the patients and HC, with an average of
1,296,741 productive sequences generated per sample. The
average number of productive unique sequences per sample
was 270,904. Eighty-six distinct IGHV, 25 distinct IGHD, and
10 distinct IGHC segments were identified, and the usage
frequencies of these segments were analyzed in each sample,
which are shown in Figure 1 and Table S2.

Increased IGHM, IGHD, and IGHE
Frequencies and Decreased IGHA
and IGHG4 Frequencies in PBMCs
for MN Patients
We compared the IGHC frequency between MN patients and
HC. The frequency was delineated in heat maps (Figure 1A).
There are six transcripts (IGHA1, IGHA2, IGHM, IGHG4,
IGHD, IGHE) in Figure 1 that are observably different
between MN patients and HC. IGHA is composed of two
subclasses: IGHA1 and IGHA2. A more detailed description is
presented in Figure 2. We found that the frequency of IGHM,
IGHD, and IGHE in PBMCs was significantly higher than those
in MN patients. In contrast, the frequencies of IGHA and IGHG4
were significantly lower in MN patients than in the HC. It
showed that, compared with HC, the proportion of IG in the
BCR repertoire of MN patients has changed. This result is
consistent with previously reported results (27).
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The Different Usage Patterns of IGHV and
IGHD Genes in MN Patients
We also compared the IGHV, IGHD, and IGHJ gene usage
between MN patients and HC. There were 24 IGHV genes that
were significantly different between the two groups (P < 0.05;
Figure 3A; IGHV3-72, IGHV1-2, IGHV3-23, IGHV3-64D,
IGHV3-36, IGHV3-33, IGHV3-35, IGHV3-69-1, IGHV5-78,
IGHV3-16, IGHV3-15, IGHV3-7, IGHV3-48, IGHV3-64,
IGHV3-13, IGHV1-58, IGHV4-39, IGHV3-73, IGHV4-34,
IGHV1-69-2, IGHV2-5, IGHV4-4, IGHV4-30-2, IGHV4-59,
IGHV3-49). We investigated the frequency of the IGHV3 and
IGHV4 families and found that the frequency of the IGHV3
family was lower in MN patients, but the frequency of the IGHV4
family was higher than that in HC, with significant difference
(Figure 3B). Moreover, we found the frequency of the IGHD2-2
was significantly lower in MN patients (P = 0.021; Figure 3C).
These results demonstrated that usage patterns of IGHV and
Frontiers in Immunology | www.frontiersin.org 492
IGHD genes were skewed in patients, and the B-cell immune
status in MN patients had been altered.

The CDR-H3 Length, Hydrophobicity, SHM
Rate and GI of MN Patients Showed
Significant Difference Compared With HC
We compared the CDR-H3 length, hydrophobicity, SHM, and
GI between MN patients and HC (Figures 4A–F); the CDR-H3
length distribution of IGHA, IGHM, IGHG, and IGHD
transcripts was observed to be more prominent in patients
with MN (P < 0.05; Figure 4C), and we found abnormalities of
the hydrophobicity profile of the IGHM and IGHD in MN
patients, as measured by the normalized Kyte–Doolittle index
(P < 0.05; Figure 4D). In particular, MN patients showed a
higher rate of SHM in IGHA, IGHM, IGHG, and IGHD
transcripts compared with HC (P < 0.05; Figure 4E). Overall,
these results showed the CDR-H3 length, hydrophobicity, and
A B

DC

FIGURE 1 | The heat maps of IGH gene usage frequencies in BCR repertoire from the sample of the MN patients and HC. (A): IGHV; (B): IGHC; (C): IGHD;
(D): IGHJ.
May 2021 | Volume 12 | Article 635326

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Su et al. B-Cell Repertoire of Membranous Nephropathy
SHM had a significant difference between the patients with MN
and HC. It indicated that CDR-H3 length, hydrophobicity, and
SHM of the peripheral BCR repertoire were influenced
significantly by MN.

The Usage Patterns of IGHV Genes, IGHD
Genes, CDR-H3 Length, and SHM Are
Related to Therapy and Therapeutic Effect
When comparing the BCR repertoire between the pre- and post-
therapy patients, no significant difference was observed for the
diversity index, CDR-H3 length, SHM, hydrophobicity, GI,
IGHD genes, IGHJ genes, and IGHC genes. However, we found
that the frequency of IGHV3-66 was significantly lower in post-
therapy patients than that in pre-therapy patients (Figure 5).

According to KDIGO, we divided the patients into two groups:
CR and non-CR, after 6 months of therapy. We tried to investigate
the diversity, hydrophobicity, GI, IGHJ gene, and IGHC gene
between the two groups and found that no significant difference
was observed (Figures 6E, G). However, we identified three IGHV
genes (IGHV4.61, IGHV4.59, V4 family) were significantly
increased in the CR group (Figure 6A). Interestingly, two of these
genes (red in Figure 6A) in MN patients were significantly higher
Frontiers in Immunology | www.frontiersin.org 593
than those in HC (Figure 3A). Moreover, 11 IGHV and IGHD
genes (IGHV1.12, IGHV1.2, IGHV3.21, IGHV3.48, IGHV3.69.1,
IGHV3.2, IGHV3.35, IGHV3.64, IGHV3.16, IGHD1.26,
IGHD1.14) were significantly lower in the CR group (Figure 6A),
and six of these genes (blue in Figure 6A) in MN patients were
significantly lower than those in HC (Figure 3A). In addition,
APLA2R, which is the most commonly used biomarker, was found
to be correlated with the CR group and non-CR group. APLA2R in
the non-CR group was significantly higher than that in the CR
group (Figure 6B). More importantly, we found the IGHV3-38 gene
had a negative correlation with APLA2R (Figure 6C). In addition,
we found that CDR-H3 length distribution of all isotypes (P = 0.014;
Figure 6D) and SHM rate of IGHM (P = 0.032; Figure 6F) were
more prominent in the CR group.
DISCUSSION

B cells and T cells serve important roles in the human immune
system, and understanding their receptor characteristics in
human autoimmune diseases may help the development of
specific immunotherapeutic interventions for diseases in the
A B

D E F

C

FIGURE 2 | Six IGH transcripts were significantly different between MN patients and HC. IGHA1 (A), IGHA2 (B), IGHM (C), IGHG4 (D), IGHD (E), IGHE (F)
frequency distribution in PBMC of MN patients (n = 66) and HC (n = 11) with line at the median.
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clinic (28). Each B cell expresses a single BCR (29), and the
diverse range of BCRs expressed by the total B-cell population of
an individual is termed the ‘BCR repertoire’. Further
diversification of BCRs occurs in specialized germinal centers,
in which SHM of genes that encode the variable (V) regions of
antibodies may enhance BCR affinity and specificity (30). This
Frontiers in Immunology | www.frontiersin.org 694
diversification of B-cell clones after exposure to antigen is
tempered by tolerance checkpoints to reduce the risk of
autoimmunity (31). The peripheral BCR repertoire is thus a
composite of both the naive repertoire and that generated by
antigenic encounter. Abnormal use of the IGHV genes can
exhibit abnormal isotype-specific clonal expansion or diversity
A B C

FIGURE 3 | The IGHV and IGHD gene usage between MN patients and the HC. (A) Twenty-four IGHV genes which are significantly different between MN patients
and the HC (without correction for multiple comparison). (B) The frequencies of IGHV3 family and IGHV4 family have significant differences in MN patients and the
HC. (C) The frequency of IGHD2-2 has significant differences in MN patients and the HC (p = 0.021).
A B

D

E F

C

FIGURE 4 | The CDR-H3 length, hydrophobicity somatic hypermutation and GI of MN patients showed significant differences compared with HC. The Shannon
index (A), Simpson index (B), CDR-H3 length distribution (C), the Kyte–Doolittle index of hydrophobicity (D), the rate of SHM (E), and the germline index (F) of IGH
repertoire in MN patients and HC.
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in some immune-mediated diseases like SLE, Crohn’s disease,
and EGPA (32). Recently, Meng Yuan et al. analyzed 294 anti-
SARS-CoV-2 antibodies and found that IGHV3-53 is the most
frequently used IGHV gene for targeting the receptor-binding
domain of the spike protein (33). Most cases of MN have
circulating IgG4 autoantibody on the podocyte membrane
Frontiers in Immunology | www.frontiersin.org 795
antigen PLA2R (70%), which is characterized by glomerular
subepithelial deposits of immune complexes, severe basement
membrane thickening, and little or no inflammatory infiltrate
(PMN); B-cell dysfunction plays a role in the pathogenesis of
MN, and differential skewing of IGHV genes could reflect the B-
cell immune status in MN patients.
A B

D E F G

C

FIGURE 6 | The IGHV genes, CDR-H3 length, SHM rate, and APLA2R between the CR and non-CR patients. (A) Three IGHV genes were significantly increased in
the CR group (n = 22), two of them in MN patients are significantly higher than in HC, which is represented by red. Nine IGHV genes and two IGHD genes that were
significantly lower than non-CR (n = 43), and six of them in MN patients are significantly higher than in HC, which is represented by blue. (B) The APLA2R in non-CR
group and CR group. (C) IGHV3-38 gene has a negative correlation with APLA2R. (D–G) CDR-H3 length, the Kyte–Doolittle index of hydrophobicity, SHM rate and
germline index of IGH repertoire in CR and non-CR patients.
A B

D E F

G

C

FIGURE 5 | Change of the IGH repertoire between the pre-therapy and post-therapy patients. The Shannon index (A), Simpson index (B), CDR-H3 length
distribution (D), the Kyte–Doolittle index of hydrophobicity (E), the rate of SHM (F) and the germline index (G) of IGH repertoire have no significant differences
between pre-therapy and post-therapy, but the frequency of IGHV3-66 was significantly lower in the samples of post-therapy patients (n = 13) than paired pre-
therapy samples (n = 13) (C).
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We previously demonstrated the usage patterns of the TCRb V
gene and J gene were skewed in autoimmune diseases and tumors
(34–37). In our previously reported study, we analyzed the TCRb
repertoire of the circulating T lymphocytes of MN patients (pre-
therapy and post-therapy) and HC using TCR-HTS, and we found
that the diversities of VJ cassette combination in the peripheral
blood of MN patients were lower than those of HC.We also found
the TCRb repertoire similarity between pre- and post-therapy
could reflect the clinical outcome, and two Vb genes in pre-
therapy also had the potential to predict the therapeutic effect (38).
In this work, we analyzed the IGH repertoire of PBMCs of MN
patients pre- and post-therapy, as well as the PBMCs of HC, to
investigate the B-cell immunity in MN patients. The patient
cohort in this study included the patients from the previous
reported study (38), and new patients were recruited. Changes
of IGH genes in MN patients might reveal the occurrence and
development of MN disease and could be used for diagnosis.

Numerous studies focused on IGH CDR-H3 clones of IgA
nephropathy, with few studies about IGHV genes in MN. MN is
an immune-related disease. If the treatment is effective, the
immune status of the human body will be different from that
before treatment, and the IGH repertoire will also be changed
significantly, which has been reported in numerous studies (39–
41). In this study, we found the frequency of IGHV3-66 was
significantly lower in the post-therapy patients than in the pre-
therapy patients, and some IGHV genes skewed in MN patients
were also significantly different between the CR and non-CR
groups. All the results demonstrated that the IGHV gene has the
potential to assist diagnosis and predict efficacy. However, due to
the limited number of samples in our work, we could not confirm
the performance of IGHV genes associated with MN disease. In
fact, those biomarkers that show some potential for prognosis
prediction of MN need more studies to demonstrate their
accuracy and reproducibility.

The length and amino acid composition of CDR-H3 region
affect recognition of antigens. Progressive reduction of CDR-H3
length and increase of highly hydrophobic and hydrophilic
sequences during differentiation from immature to naive and
memory B cells are paralleled by a progressive decrease in the
proportion of self-reactive B-cell specificities during B-cell
ontogeny (42, 43). The increased SHM indicates an enhanced
in-vivo activation of B cells, thus suggesting abnormal activation
of B cell in MN patients. In this study, these parameters were
significantly different between MN and HC, CR and non-CR.

As previously discussed, proteinuria and serum creatinine may
not accurately reflect disease activity and do not discriminate
between immunologically active disease and irreversible
structural glomerular damage (44). In fact, some studies have
reported a new individualized serology-based approach that
complements and refines the traditional proteinuria-driven
approach, which has recently been proposed (45) and has been
the subject of recent reviews (46). The hope is that we can find a
personalized approach that can improve prognostic accuracy and
that can provide individualized treatment for patients with MN
while limiting unnecessary exposure to immunosuppressive
therapy, which has many adverse effects, such as liver function
damage, infection, and myelosuppression. This study indicated
Frontiers in Immunology | www.frontiersin.org 896
that some parameters of IGH repertoire could be a predictive
biomarker for the treatment efficacy of MN.
DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
access ion number(s) can be found in the art ic le/
Supplementary Material.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the ethics committee of the Affiliated Foshan
Hospital of Sun Yat-Sen University. The patients/participants
provided their written informed consent to participate in this
study. Written informed consent was obtained from the
individual(s) for the publication of any potentially identifiable
images or data included in this article.
AUTHOR CONTRIBUTIONS

YZ, HL, CX, XL, PY, and YK provided patients’ samples and
clinical information. ZS, ZG, XC, CZ, PL, and LZ performed the
experiments. YJ performed the statistical analysis. YJ and WL
analyzed and interpreted the data. YK and WL designed and
supervised the study. ZS and YJ wrote the manuscript. WL did an
extensive revision. All authors contributed to the article and
approved the submitted version.
FUNDING

This work was funded by grants from the National Natural Science
Foundation of China (81972335), Foundation and Applied Basic
Research Fund of Guangdong Province (2019A1515110676),
Science and Technology Innovation Platform in Foshan City
(FS0AA-KJ218-1301-0007), and Foshan city climbing peak plan
(2019A004, 2019A025), Medical Engineering Technology
Research and Development Center of Immune Repertoire in
Foshan and Medical Scientific Research Foundation of
Guangdong Province of China (A2021493).
ACKNOWLEDGMENTS

We thank the patients and their families for participation in
the study.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
635326/full#supplementary-material
May 2021 | Volume 12 | Article 635326

https://www.frontiersin.org/articles/10.3389/fimmu.2021.635326/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.635326/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Su et al. B-Cell Repertoire of Membranous Nephropathy
REFERENCES
1. Cattran DC, Brenchley PE. Membranous Nephropathy: Integrating Basic

Science Into Improved Clinical Management. Kidney Int (2017) 91(3):566–74.
doi: 10.1016/j.kint.2016.09.048

2. Beck LH Jr, Salant DJ. Membranous Nephropathy: From Models to Man.
J Clin Invest (2014) 124(6):2307–14. doi: 10.1172/JCI72270

3. Cai Q, Hendricks AR. Membranous Nephropathy: A Ten-Year Journey of
Discoveries. Semin Diagn Pathol (2020) 37(3):116–20. doi: 10.1053/
j.semdp.2020.01.001

4. Beck LH Jr, Bonegio RG, Lambeau G, Beck DM, Powell DW, Cummins TD,
et al. M-Type Phospholipase A2 Receptor Astarget Antigen in Idiopathic
Membranous Nephropathy. N Engl J Med (2009) 361(1):11–21. doi: 10.1056/
NEJMoa0810457

5. Tomas NM, Beck LH Jr, Meyer-Schwesinger C, Seitz-Polski B, Ma H,
Zahner G, et al. Thrombospondin Type-1 Domaincontaining 7A in
Idiopathic Membranous Nephropathy. N Engl J Med (2014) 371(24):2277–
87. doi: 10.1056/NEJMoa1409354

6. Beck LH Jr, Fervenza FC, Beck DM, Bonegio RGB, Malik FA, Erickson SB,
et al. Rituximab-Induced Depletion of anti-PLA2R Autoantibodies Predicts
Response in Membranous Nephropathy. J Am Soc Nephrol (2011) 22
(8):1543–50. doi: 10.1681/ASN.2010111125

7. Hoxha E, Harendza S, Pinnschmidt HO, Tomas NM, Helmchen U, Panzer U,
et al. Spontaneous Remission of Proteinuria Is a Frequent Event in
Phospholipase A2 Receptor Antibody-Negative Patients With Membranous
Nephropathy. Nephrol Dial Transplant (2015) 30(11):1862–9. doi: 10.1093/
ndt/gfv228

8. Hu SL, Wang D, GouWJ, Lei Q-F, Ma T-A, Cheng J-Z, et al. Diagnostic Value
of Phospholipase A2 Receptor in Idiopathic Membranous Nephropathy: A
Systematic Review and Meta-Analysis. J Nephrol (2014) 27(2):111–7.
doi: 10.1007/s40620-014-0042-7

9. Esposito P, Grosjean F. Rituximab in Primary Membranous Nephropathy:
Beyond a B-Cell-Centered Paradigm? Clin Exp Nephrol (2018) 22(1):208–9.
doi: 10.1007/s10157-017-1437-2

10. Dahan K, Boffa J-J. Membranous Glomerulonephritis: A Step Forward in B-
cell Targeting Therapy? Nephrol Dial Transplant (2020) 35(4):549–51.
doi: 10.1093/ndt/gfz139

11. Barrett C, Willcocks LC, Jones RB, Tarzi RM, Henderson RB, Cai G, et al.
Effect of Belimumab on Proteinuria and Anti-Phospholipase A2 Receptor
Autoantibody in Primary Membranous Nephropathy. Nephrol Dial
Transplant (2020) 35(4):599–606. doi: 10.1093/ndt/gfz086

12. Pollastro S, Klarenbeek PL, Doorenspleet ME, van Schaik BDC, Esveldt REE,
Thurlings RM, et al . Non-Response to Rituximab Therapy in
Rheumatoidarthritis Is Associated With Incomplete Disruption Ofthe B
Cell Receptor Repertoire. Ann Rheum Dis (2019) 0:1–7. doi: 10.1136/
annrheumdis-2018-214898

13. Huang C, Li X. The Landscape and Diagnostic Potential of T and Bcell
Repertoire in Immunoglobulin A Nephropathy. Front Immunol (2018)
97:2729. doi: 10.3389/fimmu.2018.02729

14. Konishi H, Komura D, Katoh H, Atsumi S, Koda H, Yamamoto A, et al.
Capturing the Differences Between Humoral Immunity in the Normal and
Tumor Environments From Repertoire-Seq of B-Cell Receptors Using
Supervised Machine Learning. BMC Bioinf (2019) 20:267. doi: 10.1186/
s12859-019-2853-y

15. Chen D, Zhang Z, Yang Y, Hong Q, Li W, Zhuo L, et al. High-Throughput
Sequencing Analysis of Genes Encoding the B-Lymphocyte Receptor Heavy-
Chain CDR3 in Renal and Peripheral Blood of IgA Nephropathy. Biosci Rep
(2019) 39(10):BSR20190482. doi: 10.1042/BSR20190482

16. Ou M, Zheng F, Zhang X, Liu S, Tang D, Zhu P, et al. Integrated Analysis of
B-Cell and T-Cell Receptors by High-Throughput Sequencing Reveals
Conserved Repertoires in IgA Nephropathy. Mol Med Rep (2018) 17
(15):7027–36. doi: 10.3892/mmr.2018.8793

17. Gordon CE, Balk EM, Francis JM. Summary of the 2018 Kidney Disease
Improving Global Outcomes (KDIGO) Guideline on Hepatitis C in
Chronic Kidney Disease. Semin Dial (2019) 32(2):187–95. doi: 10.1111/
sdi.12768

18. Eckardt KU, Kasiske BL. Kidney Disease: Improving Global Outcomes. Nat
Rev Nephrol (2009) 5(11):650–7. doi: 10.1038/nrneph.2009.153
Frontiers in Immunology | www.frontiersin.org 997
19. Ruggiero E, Nicolay JP, Fronza R, Arens A, Paruzynski A, Nowrouzi A, et al.
High-Resolution Analysis of the Human T-Cell Receptor Repertoire. Nat
Commun (2015) 6:8081. doi: 10.1038/ncomms9081

20. Giudicelli V, Chaume D, Lefranc MP. Imgt/Gene-DB: A Comprehensive
Database for Human andMouse Immunoglobulin and T Cell Receptor Genes.
Nucleic Acids Res (2005) 33(Database issue):D256–61. doi: 10.1093/nar/
gki010

21. Shannon CE. The Mathematical Theory of Communication. 1963 MD
Comput (1997) 14(4):306–17. doi: 10.2307/3498901

22. Schneider-Hohendorf T, Mohan H, Bien CG, Breuer J, Becker A, Görlich D,
et al. CD8(+) T-Cell Pathogenicity in Rasmussen Encephalitis Elucidated by
Large-Scale T-Cell Receptor Sequencing. Nat Commun (2016) 7:11153.
doi: 10.1038/ncomms11153

23. Sims JS, Grinshpun B, Feng Y, Ung TH, Neira JA, Samanamud JL, et al.
Diversity and Divergence of the Glioma-Infiltrating T-cell Receptor
Repertoire. Proc Natl Acad Sci USA (2016) 113(25):E3529–37. doi: 10.1073/
pnas.1601012113

24. Eisenberg D. Three-Dimensional Structure of Membrane and Surface.
proteins Annu Rev Biochem (1984) 53:595–623. doi: 10.1146/annurev.bi.53.
070184.003115

25. Rogosch T, Kerzel S, Hoi KH, Zhang Z, Maier RF, Ippolito GC, et al.
Immunoglobulin Analysis Tool: A Novel Tool for the Analysis of Human
and Mouse Heavy and Light Chain Transcripts. Front Immunol (2012) 3:176.
doi: 10.3389/fimmu.2012.00176. eCollection 2012.

26. Yu X, Almeida JR, Darko S, van der Burg M, DeRavin SS, Malech H, et al.
Human Syndromes of Immunodeficiency and Dysregulation are
Characterized by Distinct Defects in T-Cell Receptor Repertoire
Development. Allergy Clin Immunol (2014) 133:1109–15. doi: 10.1016/j.jaci.
2013.11.018

27. Zhu H, Han Q, Zhang D, Wang Y, Gao J, Yang X, et al. The
Clinicopathological Features of Patients With Membranous Nephropathy.
Int J Nephrol Renovasc Dis (2018) 11:33–40. doi: 10.2147/ijnrd.s149029
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Elisabeth Brouwer, Hendrika Bootsma, Frans G. M. Kroese and Gwenny M. Verstappen
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Groningen, Netherlands

B-cells have received little attention in axial spondyloarthritis (axSpA) and for this reason
their role in pathogenesis remains unclear. However, there are indications that B-cells may
be involved in the disease process. Our objective was to obtain insights into the
composition of the peripheral B-cell compartment of axSpA patients compared to
healthy donors (HD) and patients with primary Sjögren’s syndrome (pSS), a typical B-
cell-associated autoimmune disease. Special emphasis was given to CD27-negative B-
cells expressing low levels of CD21 (CD21low B-cells), since this subset is implicated in
autoimmune diseases with strong involvement of B-cells. Transitional B-cells (CD38hi)
were excluded from the analysis of the CD27-CD21low B-cell compartment. This study
included 45 axSpA patients, 20 pSS patients and 30 HDs. Intriguingly, compared to HDs
the frequency of CD27-CD38lowCD21low B-cells was significantly elevated in both axSpA
and pSS patients (P<0.0001 for both comparisons). The frequency of CD27-

CD38lowCD21low B-cells expressing the activation-induced immune markers T-bet and
CD11c was decreased in axSpA patients compared to HDs. A higher proportion of CD27-

CD38lowCD21low B-cells expressed the chemokine receptor CXCR3 in axSpA compared
to HDs, suggestive for active involvement of these cells in an inflammatory process. The
frequency of CD27-CD38lowCD21low B-cells in axSpA patients correlated positively with
age and erythrocyte sedimentation rate. Furthermore, axSpA patients with extra-skeletal
manifestations (ESM) showed increased frequencies of CD27-CD38lowCD21low B-cells
compared to patients without ESM. In conclusion, our findings are suggestive of active B-
cell involvement in the pathogenesis of axSpA, against prevailing dogma.

Keywords: axial spondyloarthritis, ankylosing spondylitis, B-cells, autoimmunity, Sjögren’s syndrome, CD21low
B-cells
INTRODUCTION

Axial spondyloarthritis (axSpA) is a chronic immune-mediated disease characterized by
inflammation mainly present in sacroiliac joints (SI) and spine (1). To a lesser extent, also
peripheral joints and entheses are involved. AxSpA can be classified into two sub-types,
ankylosing spondylitis (AS) and non-radiographic axSpA (nr-axSpA). In contrast to AS, patients
with nr-axSpA have not (yet) developed detectable damage of the SI joints, as shown by X-ray. A
substantial percentage of axSpA patients will also develop extra-skeletal manifestations (ESM), such
org June 2021 | Volume 12 | Article 686273199
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as uveitis, psoriasis and inflammatory bowel disease (2). The
innate immune system and T-cells play a critical role in axSpA
pathogenesis with a pivotal function for the IL-23/IL-17 axis (3).
These cells and cytokines, together with the presence of
human leukocyte antigen (HLA) B27, are considered as the
main factors driving the pathophysiology of axSpA. Also, the
gut-joint axis of inflammation might play an important role,
since spondyloarthropathies are strongly associated with gut
inflammation (4). Thus far, B-cells have received little
attention regarding their (potential) role in the pathogenesis
of axSpA. The lack of literature is largely rooted in absence
of conventional disease-defining autoantibodies such as
rheumatoid factor and anti-citrullinated protein antibodies
(ACPAs) that are seen in rheumatoid arthritis (RA). Nonetheless,
there are some indications that B-cells may be involved in the
pathogenesis of axSpA. A clinical trial by Song et al. revealed
positive clinical effects of B-cell depletion therapy with rituximab
in a subcategory of axSpA patients (5). Also, axSpA patients may
exhibit reduced frequencies of bloodCD19+CD27+memoryB-cells
(6). Furthermore, several antibodies tomicrobial and autoantigenic
targetshavebeenobserved in axSpA[reviewedbyQuadenet al. (7)],
in particular autoantibodies against CD74 (MHC class II invariant
chain) (8–10). In addition, an antinuclear antibody (ANA) titer of
1:80 or higher was present in 20% of AS patients (11). Finally,
GWAS studies revealed that a polymorphism in BACH2 is
associated with AS. BACH2 is a transcription factor that is,
among others, implicated in negative selection resulting in less
stringent depletion of newly generated B-cells (12, 13).

A B-cell subset that has been particularly associated with chronic
inflammation and autoreactivity in recent years is characterized by
low expression of the complement receptor CD21 (CD21low B-cells)
(14). These CD21low B-cells are enriched in patients with several
systemic autoimmune diseases such as RA, systemic lupus
erythematosus (SLE) and primary Sjögren’s syndrome (pSS), as
well as in patients with Common Variable Immunodeficiency
Disorder (CVID) (15–17). CD21low B-cells are a heterogeneous
population of cells, comprised of both CD27-positive and CD27-
negative B-cells. In healthy individuals (15), as well as in pSS
patients (16), a substantial proportion of CD27-CD21low B-cells are
switched memory cells. However, in RA and CVID patients, these
cells are predominantly naïve B-cells, expressing unmutated IgM
(15). At least part of the CD21low B-cells are considered to represent
anergic, autoreactive B-cells, and in patients with pSS, RA and
CVID these cells express auto-antibodies against nuclear and
cytoplasmic antigens (15, 16). These anergic B-cells fail to
become activated through conventional B-cell receptor (BCR)
and CD40 signaling (15). At the same time, stimulation of
CD21low B-cells via toll-like receptors (TLR) does, however,
induce a proliferative response in a proportion of these cells (15,
16, 18). Irrespective of differences in CD27 expression, a proportion
of the CD21low B-cells in healthy and diseased individuals appear to
be in an activated state exhibiting homing capacity to sites of
inflammation [reviewed by Thorarinsdottir et al. (14)].

In order to explore the potential role of B-cells in the
pathogenesis of axSpA we analyzed the composition and
phenotype of circulating B-cells in these patients. Special
Frontiers in Immunology | www.frontiersin.org 2100
emphasis was given to CD21low B-cells. We compared B-cells
from axSpA patients not only to B-cells from healthy donors
(HD), but also to B-cells from patients with pSS, a typical B-cell
mediated autoimmune disease that is characterized by B-cell
hyperactivity (19, 20). Finally, we investigated whether possible
changes in the B-cell compartment were associated with clinical
parameters in axSpA patients.
METHODS

Patients and Healthy Donors
Peripheral blood mononuclear cells (PBMCs) were obtained
from 45 axSpA patients, 20 age-matched pSS patients and 30
HDs, age- and sex-matched to the axSpA group. We included
consecutive axSpA patients from the Groningen-Leeuwarden
axial spondyloarthritis (GLAS) cohort (21). The GLAS cohort
is an on-going prospective longitudinal observational cohort
study, with a fixed protocol of follow-up visits. All patients
fulfilled the ASAS criteria for axSpA. Patients with axSpA
using biological disease-modifying anti-rheumatic drugs
(DMARDs) within six months prior to inclusion were
excluded. As disease control group, we included 20 consecutive
pSS patients participating in the REgistry of Sjögren syndrome
in UMCG LongiTudinal (RESULT) cohort. These patients
fulfilled the 2016 ACR-EULAR classification criteria for
pSS. Patients with pSS were not treated with DMARDs or
immunosuppressants at the time of inclusion. HD samples
were obtained via Sanquin Blood Supply Foundation,
Netherlands, n=20, and the SENEX healthy aging cohort of the
University Medical Center Groningen, Netherlands, n=10 (22).
All participants of the study provided informed consent, in
accordance with the Declaration of Helsinki. The study was
approved by the medical research ethics committee of the
Medical Center Leeuwarden (RTPO 364/604). Patient and
HD characteristics are summarized in Table 1. Of the axSpA
patients, 80% were classified as and 20% as nr-axSpA. There were
no differences in patient characteristics between AS and nr-
axSpA patients.

Flow-Cytometry Analysis
PBMCs from patients and HDs were phenotypically analyzed
by 14-color flow-cytometry. Cryopreserved cells were
thawed and resuspended in phosphate buffer saline (PBS),
supplemented with 0,5% bovine serum albumin and 2mM
ethylenediaminetetraacetic acid. Two million cells were stained
for surface markers described in Supplementary Table 1.
After washing with PBS, cells were stained with a fixable
viability dye (eFluor 506; eBioscience). Finally, PBMCs were
washed, fixed and permeabilized using the Foxp3 fixation/
permeabilization buffer set (eBioscience) to allow intracellular
staining of T-bet. Data were acquired on a BD LSR-II flow-
cytometer and analyzed using FlowJo software 10.7 (Tree Star,
Ashland, Oregon). Gates were based on fluorescence-minus-one
(FMO) controls.
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Statistics
All data were statistically analyzed using Statistical Package for the
Social Sciences (SPSS) and Graphpad Prism (v9.0.1). Differences
between groups were tested using the Independent Samples t-test or
Mann-Whitney U test, depending on the distribution of variables.
Associations between CD21low B-cells and clinical parameters were
explored using the Pearson or Spearman correlation coefficient,
depending on the distribution of variables. P-values<0.05 were
considered statistically significant.
RESULTS

Normal Frequencies of Naïve and Memory
B-Cells, but Expansion of Plasmablasts
in axSpA
First, we studied the frequencies of total B-cells and classical
naïve and memory subsets within the total CD19+ B-cell
Frontiers in Immunology | www.frontiersin.org 3101
compartment in axSpA patients, pSS patients and HDs (gating
strategy is shown in Figure 1). Patients with axSpA had a similar
frequency of total B-cells (relative to all lymphocytes) as pSS
patients and HDs (Figure 1A). The frequency of classical
memory B-cells (CD27+IgD-) and naïve (CD27-IgD+) B-cells
was comparable between axSpA patients and HDs (Figures 1B,
C). In contrast, but as expected (23), in pSS patients the
frequency of these classical memory cells was decreased and
accompanied by an increased frequency of naïve B-cells. The
frequency of transitional B-cells (CD24hiCD38hi) in patients with
axSpA did not differ from HDs, but in pSS patients frequencies
were higher compared to axSpA patients and HDs (Figure 1D).
Patients with pSS further exhibited lower frequencies of marginal
zone-like B-cells (CD27+IgD+) compared to axSpA patients and
HDs (data not shown). The frequency of double negative B-cells
(CD27-IgD-) was comparable among the three groups (Figure
1E). Interestingly, the frequency of plasmablasts (CD27hiCD38hi)
was significantly higher in both patients with axSpA and patients
with pSS compared to HDs (P<0.01 for both comparisons,
Figure 1F).

Enrichment of Circulating CD27-

CD38lowCD21low B-Cells in axSpA Patients
Given its role in autoimmune diseases, special emphasis was
given to CD21low B-cells. To this end transitional B-cells (CD27-

CD24hiCD38hi), which also express low levels of CD21, were
excluded from the analysis. The remaining CD21low B-cells
comprised CD27-CD38low and CD27+CD38low B-cell fractions
(Figure 1). In all patient groups and HDs, the majority of
CD21low B-cells belonged to the CD27-CD38low compartment.
We found that the frequencies of CD27-CD38lowCD21low B-cells
(of total CD19+ B-cells) were significantly higher in both axSpA
(median=6.4%, P<0.0001) and pSS patients (median=7.8%,
P<0.0001), compared to HDs (median=4.9%) (Figure 1G).
Frequencies of CD27+CD38lowCD21low B-cells (of total CD19+

cells) were, however, similar between axSpA patients and HDs
but significantly reduced in pSS patients (Figures 1H). Thus, not
only frequencies of plasmablasts but also CD27-CD38lowCD21low

B-cells were significantly higher in patients with axSpA (and pSS)
compared to HDs.

CD27-CD38lowCD21low B-Cells of
Patients With axSpA Display
Phenotypical Heterogeneity
A more detailed analysis was performed to study phenotypical
characteristics of CD27-CD38lowCD21low B-cells (global gating
strategy displayed in (Supplementary Figure 1). Comparison of
CD27-CD38lowCD21low B-cells with their CD21+ counterpart
(CD27-CD38lowCD21+), showed that CD27-CD38lowCD21low B-
cells express more frequently the immune markers T-Bet, CD11c
and the chemokine receptor CXCR3, but less frequently CXCR5
(Figure 2). This was seen in both patient groups as well as in HDs.
Expression of CD86 by CD27-CD38lowCD21low and CD27-

CD38lowCD21+ B-cells was similar in axSpA patients and HDs,
however, pSS patients showed a significantly elevated frequency of
CD86-positive CD27-CD38lowCD21low B-cells (P<0.0001).
TABLE 1 | Characteristics of axSpA, pSS patients and healthy donors.

axSpA pSS HD

Number of patients 45 20 30
Age (years) 49 ± 13 51 ± 12 48 ± 21
Male gender (%) 62 20 63
Symptom duration (years) 23 (15) 11 (9)
ESR (mm/hr) 13 (15.8) 20 (15.5)
CRP (mg/L) 2.9 (5.2) 1.5 (3.3)
IgG (g/L) 14.1 (5.1)
History of biologic DMARD use (%) 42.2 30
AxSpA specific features:
AS (%) 80
HLA-B27 positive (%) 93
ASDAS 2.5 ± 1.0
BASDAI 4.3 ± 2.4
History of:
Uveitis 16 (36)
Inflammatory bowel disease 4 (9)
Psoriatic arthritis 3 (7)
>1 ESM 19 (37)
History of: 13 (29)
Peripheral arthritis 6 (13)
Enthesitis 5 (11)
Dactylitis 3 (7)
≥1 PM 13 (29)
pSS specific features:
ESSPRI 6.3 ± 2.2
ESSDAI 3 (6)
Anti-Ro/SSA positive (%) 70
Anti-La/SSB positive (%) 50
Rheumatoid factor positive (%) 60
Schirmer’s test (mm/5min) 3.0 (12.0)
Ocular staining score 2.0 (5.0)
UWSF (mL/min) 0.1 (0.3)
Focus score 2.8 ± 2.0
Data are presented as number of patients (%), mean ± SD or median (IQR); AS, Ankylosing
spondylitis; HLA-B27, Human leukocyte antigen B27; DMARD, Disease modifying antirheumatic
drugs; BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; ASDAS, Ankylosing
Spondylitis Disease Activity Score; ESM, extra skeletal-manifestations; PM, peripheral
manifestations; ESSPRI, EULAR Sjögren’s Syndrome Patient Reported Index; ESSDAI, EULAR
Sjögren’s syndrome disease activity index; Anti-SSA, Anti-Sjögren’s-syndrome-related antigen A
autoantibodies; Anti-SSB, Anti-Sjögren’s-syndrome-related antigen B autoantibodies; UWSF,
unstimulated whole saliva flow; Focus score in parotid gland tissue.
June 2021 | Volume 12 | Article 686273

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wilbrink et al. B-Cell Involvement in AxSpA Pathogenesis
When comparing the expression pattern of immune cell
markers by CD27-CD38lowCD21low B-cells, we found
differences among patients with axSpA, pSS and HDs
(Figures 2A–E). The frequency of T-bet- and/or CD11c-
expressing cells, often co-expressed (24), was significantly
lower in axSpA patients compared to HDs. T-bet and/or
CD11c-positive CD27-CD38lowCD21low B-cells also tended to
be lower in pSS patients, although not significant. In both patient
groups and HDs, roughly half of the T-bet- and/or CD11c-
expressing cells co-expressed these markers (Figure 2F).
Compared to HDs, both CXCR3- and CXCR5-positive CD27-

CD38lowCD21low B-cells were significantly higher in patients
with axSpA. Interestingly, also within their CD21+ counterpart
(CD27-CD38lowCD21+) the proportion of CXCR3+ cells was
Frontiers in Immunology | www.frontiersin.org 4102
increased in axSpA patients compared to HDs and pSS
patients. The frequency of CD86-positive cells within the
CD27-CD38lowCD21low B-cell compartment was similar
between axSpA patients and HDs, but was reduced in pSS
patients. When examining the relation between T-bet
expression by CD27-CD38lowCD21low B-cells and other
immune markers we found that the proportion of T-bet+ B-
cells was strongly associated with proportions of CD11c+,
CXCR3+, and CD86+ B-cells within this subset in axSpA
patients (Supplementary Figure 2).

Since CD27 is not a definitive marker for discrimination
between naïve and memory B-cells, we also investigated IgD and
IgM expression patterns by CD27-CD38lowCD21low B-cells
(Figure 3A). There was no difference in IgD/IgM distribution
A B D

E F G H

C

FIGURE 1 | Frequencies of total B-cells and B-cell subsets in patients with axSpA, pSS and healthy donors. Global gating strategy is shown with arrows pointing
towards the next level of gating. Frequencies of (A) total B-cells (CD19+), relative to total lymphocytes, and the following B-cell subsets, relative to total B-cells, are
shown: (B) memory B-cells (CD27+IgD-), (C) double negative (CD27-IgD-) B-cells, (D) naïve (CD27-IgD+) B-cells, (E) plasmablasts (CD27+CD38hi), (F) transitional
(CD24hiCD38high) B-cells, (G) CD27+CD38lowCD21low B-cells and (H) CD27-CD38lowCD21low B-cells. Patients with axial spondyloarthritis (axSpA; n = 45) are
indicated with red circles, healthy donors (HD; n = 30) are indicated with green squares and patients with primary Sjögren’s Syndrome (pSS; n = 20) are indicated
with blue triangles. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant and horizontal lines indicate the medians.
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in this subset among study groups. Within the CD27-

CD38lowCD21low fraction, most B-cells were naïve IgD+IgM+

(~60%) followed by IgM-IgD- (switched) B-cells (~20%). Of
note, the CD27-CD38lowCD21+ B-cell counterpart contained
hardly any switched cells. A more in depth analysis of
variation in expression of the immune markers between
switched and naïve cells within the CD27-CD38lowCD21low B-
cell compartment of an axSpA patient is shown in Figure 3B,
illustrating that expression of T-bet, CD11c, CXCR3, and
absence of CXCR5 can all be attributed to the switched
memory (IgD-IgM-) B-cell fraction.

Taken together, these results indicate that in axSpA patients
CD27-CD38lowCD21low B-cells display a phenotype that is
Frontiers in Immunology | www.frontiersin.org 5103
distinct from their CD21+ counterpart, similar to what we
observed pSS patients and HDs. Subtle differences in the
phenotype of CD27-CD38lowCD21low B-cells were present
among the groups, with a significant increase in the frequency
of CXCR3+ and CXCR5+ cells and a decrease in T-bet+ and
CD11c+ cells in axSpA patients compared with HDs.

Relation Between CD27-CD38lowCD21low

B-Cells, Clinical Parameters and Disease
Activity in axSpA
To study the clinical relevance of CD27-CD38lowCD21low B-cells
in axSpA, we looked at various clinical parameters and their
possible association with this particular B-cell subset (Figure 4).
A B

D E

F

C

FIGURE 2 | Phenotypical characteristics of CD27-CD38lowCD21low B-cells in patients with axSpA, pSS and healthy donors. The proportions of (A) T-Bet-positive,
(B) CD11c-positive, (C) CXCR3-positive, (D) CXCR5-positive, (E) CD86-positive cells were analyzed within the CD27-CD38lowCD21+ and CD27-CD38lowCD21low B-
cell subsets. In addition, (F) an illustration of T-bet/CD11c co-expression by CD27-CD38lowCD21low B-cells is displayed. Patients with axial spondyloarthritis (axSpA;
n = 45) are indicated with red circles, healthy donors (HD; n = 30) are indicated with green squares and patients with primary Sjögren’s Syndrome (pSS; n = 20) are
indicated with blue triangles. **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant and horizontal lines indicate the medians.
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When comparing axSpA patients with and without a history
of ESM, including uveitis, psoriasis and inflammatory bowel
disease (IBD), we observed a significantly higher frequency of
CD27-CD38lowCD21low B-cells in patients with a known history
of ESM (median=7.05%, P=0.02) compared to patients without
ever having an ESM (median=5.9%). Still, axSpA patients
without ESM displayed an increased frequency of CD27-

CD38lowCD21low B-cells compared to HDs (P=0.01), as shown
in Figure 4A. It is especially noteworthy that between axSpA
patients with a history ESM and pSS patients the frequency of
Frontiers in Immunology | www.frontiersin.org 6104
these B-cells did not vary (P=0.18, data not shown). We also
compared axSpA patients without and with a history of
peripheral manifestations including enthesitis, arthritis and
dactylitis (without extra-skeletal manifestations) and observed
no notable enrichment of CD27-CD38lowCD21low B-cells
between groups (P=0.14).

The following categorical clinical parameters were not
associated with enrichment of CD27-CD38lowCD21low B-cells
in patients with axSpA: being naïve for biological DMARDs,
non-radiographic disease, sex, symptom duration ≥10 years,
A

B

FIGURE 3 | Distribution of immunoglobulins IgD and IgM by CD27CD38lowCD21 B-cell compartment in patients with axSpA, pSS and HDs. Analysis of the
distribution of immunoglobulins IgD and IgM (A) is shown for CD27+CD38lowCD21low, CD27+CD38lowCD21+, CD27-CD38lowCD21low, CD27-CD38lowCD21+ B-cells
respectively. A more detailed analysis of the immune marker expression (B) by the naïve (IgD+IgM+) in orange and switched (IgD-IgM-) B-cell populations in blue
shown as histogram plots comparing CD27-CD38lowCD21low B-cell populations of one axial spondyloarthritis patient, one primary Sjögren’s syndrome patient and a
healthy donor. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant and horizontal lines indicate the medians.
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C-reactive protein (CRP) ≥5 mg/L and high disease activity
defined by the Ankylosing Spondylitis Disease Activity Score
(ASDAS) ≥2.1 (Figure 4A). We found that age and erythrocyte
sedimentation rate (ESR), as continuous variables, were both
significantly correlated with the frequency of CD27-

CD38lowCD21low B-cells in axSpA patients (P=0.02, P=0.01
respectively, Figure 4B). Interestingly, the correlation was
driven by axSpA patients with a history of ESM (P=0.04) (data
not shown). Of note, in HDs and pSS patients this subset was not
correlated with age (P=0.36, P=0.28 respectively) and in pSS also
not with ESR (P=0.75, data not shown). Continuous measures of
diseases activity, such as Bath Ankylosing Spondylitis Disease
Activity Index (BASDAI), ASDAS and CRP as well as symptom
duration were not correlated with increased frequencies of
CD27-CD38lowCD21low B-cells.

In summary, the frequency of CD27-CD38lowCD21low B-cells in
axSpA patients was associated with age and ESR. Furthermore, axSpA
patients with a history of ESM have a greater frequency of circulating
CD27-CD38lowCD21low B-cells than patients presenting with only
axial involvement (with or without peripheral manifestations).
DISCUSSION

In this cross-sectional study, we observed a higher frequency of
circulating CD27-CD38lowCD21low B-cells in patients with axSpA,
compared to healthy donors. A comparable rise in CD27-

CD38lowCD21low B-cells was noted in patients with pSS, a
typical B-cell-associated autoimmune disease. The phenotype of
these cells was broadly similar among axSpA patients, pSS patients
and HDs, although subtle differences existed. Since this particular
CD21low B-cell subset is associated with autoreactivity (15, 16, 25),
an elevated frequency of CD27-CD38lowCD21low B-cells, together
with the observed enrichment of circulating plasmablasts, and the
association of these CD27-CD38lowCD21low B-cells with clinical
parameters may reflect that also in axSpA patients B-cells are
involved in the pathogenesis, against prevailing dogma.

The CD27-CD38lowCD21low B-cell compartment is comprised
of both naïve and memory B cells (26). Naïve CD21low B-cells are
thought to represent anergic B cells (15), potentially resulting from
defective central B-cell tolerance and failure of receptor editing (27,
28), whereas memory CD21low B-cells might either portray recent
antigen experienced B-cells (29–31) or exhausted memory B-cells
(18). Here we show that also in axSpA patients the CD21low B-cell
compartment is heterogeneous in terms of naïve and memory cells.
In our study the IgD and IgM expression profiles revealed that most
CD27-CD38lowCD21low B-cells in axSpA patients (as well as in pSS
patients and HDs) could be defined as unswitched B-cells
(IgD+IgM+), representing naïve CD21low B-cells. However, we
also observed a substantial proportion of switched memory cells
(IgD-IgM-) in the CD27-CD38lowCD21low B-cell compartment, in
contrast to the CD27-CD38lowCD21+ B-cell subset.

Further phenotypical analysis showed that a fraction of the
CD27-CD38lowCD21low B-cell subset in both groups of patients
and HDs expresses T-bet and/or CD11c, and most of them
(>50%) co-express these markers. T-bet/CD11c expressing B-cells
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were confined to the CD21low subset and are not found among
CD21+ B-cells, in line with other studies (32–34). T-bet/CD11c is
expressed by activated, antigen-experienced memory cells (32–34)
and higher frequencies of T-bet+CD11c+ double expressing B-cells
are found in humans following infection or vaccination (29, 35–37).
T-bet+CD11c+ B-cells are enriched in settings of chronic stimulation,
including autoimmunity, and produce polyclonal antibodies against
self-antigens (14, 24). In line with the memory phenotype of T-bet/
CD11c expressing B-cells, we observed that within the CD27-

CD38lowCD21low B-cell subset most of the T-bet+ and/or CD11c+

cells were indeed class-switched cells, in all groups of individuals.
Furthermore, the associated expression of the co-stimulatory
molecule CD86 with T-bet on CD27-CD38lowCD21low B-cells in
axSpA patients indicates that these B-cells are activated cells, which
are prone to differentiate into antibody secreting cells (ASC) (32, 34,
38). In line with this notion, we observed a higher frequency of
plasmablasts in the peripheral blood of axSpA patients, possibly
related to increased levels of immunoglobulins, in particular IgA, in
the serum of these patients (39–41). Interestingly, a single nucleotide
polymorphism in the gene encoding for T-bet (TBX21) is associated
with AS (42), illustrating a role for T-bet in the disease, not only in T-
cells and NK-cells, but possibly also in B-cells. To summarize, the
CD21low B-cell compartment in axSpA is composed of naïve and
memory B-cells, of which a minor, potentially pathogenic,
subpopulation expresses T-bet and/or CD11c that may represent
ASC precursors.Whether these cells are directed against self- or non-
self-antigens in axSpA patients remains to be shown.

When comparing of the frequency of T-bet+ and CD11c+ cells
within the CD27-CD38lowCD21low B-cells compartment between
study groups, we found that patients with axSpA displayed a
slightly, but significantly reduced proportion of T-bet+ or CD11c+

B-cells compared with HDs. The lower frequency of T-Bet+ and/or
CD11c+ B-cells in the peripheral blood of axSpA patients may be
explained by enhanced differentiation into plasmablasts and/or
migration to sites of inflammation. The latter is supported by the
finding that a high proportion of CD27-CD38lowCD21low B-cells in
axSpA did express the chemokine receptor CXCR3, responsible for
homing of cells to inflamed tissue. In addition, our finding that in
axSpA patients the level of CD27-CD38lowCD21low B-cells
correlated with ESR, an indicator for more long-term
inflammation, is suggestive for involvement of B-cells in the
inflammatory process (43). Intriguingly, plasmablast infiltration
and ectopic lymphoid tissue formation with follicular dendritic
cell networks have been found in the synovial membranes of
inflamed hips of AS patients (44, 45). CD20+ B-cells are also
present in the zygapophyseal joints in patients with active disease
(46). Furthermore, a study in a mouse model of AS by Kaai et al.,
reported infiltrates of inflammatory cells at the edge of intervertebral
discs and lymphoid aggregates in the bonemarrow (47). CD21low B-
cells are also found in the synovial fluid of RA patients (48). At these
sites they are associated with joint destruction possibly mediated by
their capacity to secrete osteoclastogenic factor receptor activator of
the nuclear factor kB ligand (RANKL). Hence, the capacity of B-
cells and in particular CD21low B-cells to potentially migrate
towards either skeletal or extra-skeletal sites of inflammation
might be of particular relevance in the pathogenesis of axSpA (2).
June 2021 | Volume 12 | Article 686273

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wilbrink et al. B-Cell Involvement in AxSpA Pathogenesis
A

B

FIGURE 4 | Relationship between frequencies of CD27-CD38lowCD21low B-cells and clinical parameters in patients with axSpA. (A) Patients with axial
spondyloarthritis (axSpA) were divided into separate groups based on subcategories of axSpA and the following clinical parameters: Biological DMARD naïve, nr-
axSpA or axSpA, sex, symptom duration, C-reactive protein (CRP) and Ankylosing Spondylitis Disease Activity Score (ASDAS). (B) To explore associations between
the CD27-CD38lowCD21low B-cell compartment and several continuous clinical parameters in patients with axSpA, the frequency of CD27-CD38lowCD21low B-cells
was plotted against the following clinical parameters: Age, Bath Ankylosing Spondylitis Disease Activity Index (BASDAI), ASDAS, CRP, erythrocyte sedimentation rate
(ESR), symptom duration. Patients with axSpA(n=45) are indicated with red circles, healthy donors (HD; n = 30) are indicated with green squares. *P < 0.05, **P <
0.01, ****P < 0.0001, significant values in bold, ns, not significant and horizontal lines indicate the medians.
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An earlier study reported increased levels of circulating CD21low B-
cells in Crohn’s disease, which is an ESM and sub-category of IBD
(49). In addition, infiltrations of B-cells in intestinal tissue are found
in IBD patients (50). Also in other ESM, namely psoriasis and
uveitis, subtle changes of the B-cell compartment and tissue
infiltrations have been noted (51, 52). Our finding that axSpA
patients with a history of ESM show enriched frequencies of CD27-

CD38lowCD21low B-cells support the notion that disturbances found
in the B-cell compartment are suggestive of an active role of B-cells
in (some of) these ESM in axSpA.

In conclusion, we showed that the frequencies of CD27-

CD38lowCD21low B-cells are elevated in axSpA, similar as observed
in an established B-cell-associated autoimmune disease, pSS. Since
CD27-CD38lowCD21low B-cells are implicated in various autoimmune
and inflammatory diseases, we postulate that there is a hitherto
underestimated role for B-cells in the pathogenesis of axSpA. B-cells
are known to exhibit a wide repertoire of effector functions, including
production of antibodies, antigen presentation and secretion of
cytokines (7, 53). The role of B-cells in axSpA pathogenesis is not
clear yet, andmight well be beyond the production of (auto)antibodies.
Of particular relevance in axSpA is the ability of B-cells to produce
TNF-a, IL-23 crucial cytokines in the pathogenesis of axSpA (54–57).
Future studies are needed to elucidate the functional capabilities of
these CD27-CD38lowCD21low B-cells, including their (auto)antibody
secreting capacity, in axSpA patients. Furthermore, it is important to
determine whether CD27-CD38lowCD21low B-cells are also present at
inflammatory sites of the disease.
DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.
Frontiers in Immunology | www.frontiersin.org 9107
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the medical research ethics committee of the
Medical Center Leeuwarden (RTPO 364/604). The patients/
participants provided their written informed consent to
participate in this study.
AUTHOR CONTRIBUTIONS

The concept of the study was developed by GV, FK, AS, and RW.
Patient and healthy donor recruitment was done by AS, EB, KG,
and HB. Data were obtained by RW and GV. Data were analyzed
by RW, GV and SA. RW, GV, AS, and FK were involved in data
analysis and interpretation of the results. RW wrote the first draft
of the manuscript. All authors contributed to the article and
approved the submitted version.
ACKNOWLEDGMENTS

We thank our colleagues ensuring a good working environment
and patients participating in this project and healthy donors
from Sanquin providing the samples for this project.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.
686273/full#supplementary-material
REFERENCES

1. Sieper J, Poddubnyy D. Axial Spondyloarthritis. Lancet (2017) 390:73–84.
doi: 10.1016/S0140-6736(16)31591-4

2. Stolwijk C, Van Tubergen A, Castillo-Ortiz JD, Boonen A. Prevalence of
Extra-Articular Manifestations in Patients With Ankylosing Spondylitis: A
Systematic Review and Meta-Analysis. Ann Rheum Dis (2015) 74:65–73.
doi: 10.1136/annrheumdis-2013-203582

3. Kroese FGM, Baeten D, Huizinga TWJ. Autoimmunity: Break-through in the
Diagnosis and Treatment of Immune-Mediated Inflammatory Diseases.
Immunol Lett (2014) 162:150–62. doi: 10.1016/j.imlet.2014.10.013

4. Gracey E, Vereecke L, McGovern D, Fröhling M, Schett G, Danese S, et al.
Revisiting the Gut–Joint Axis: Links Between Gut Inflammation and
Spondyloarthritis. Nat Rev Rheumatol (2020) 16:415–33. doi: 10.1038/
s41584-020-0454-9

5. Song I-H, Heldmann F, Rudwaleit M, Listing J, Appel H, Braun J, et al.
Different Response to Rituximab in Tumor Necrosis Factor Blocker-Naive
Patients With Active Ankylosing Spondylitis and in Patients in Whom
Tumor Necrosis Factor Blockers Have Failed: A Twenty-Four-Week
Clinical Trial. Arthritis Rheum (2010) 62:1290–7. doi: 10.1002/art.27383

6. Niu X-Y, Zhang H-Y, Liu Y-J, Zhao D, Shan Y-X, Jiang Y-F. Peripheral B-cell
Activation and Exhaustion Markers in Patients With Ankylosing Spondylitis.
Life Sci (2013) 93:687–92. doi: 10.1016/j.lfs.2013.09.003

7. Quaden DHF, De Winter LM, Somers V. Detection of Novel Diagnostic
Antibodies in Ankylosing Spondylitis: An overview. Autoimmun Rev (2016)
15(8):820–32. doi: 10.1016/j.autrev.2016.06.001
8. Witte T, Köhler M, Georgi J, Schweikhard E, Matthias T, Baerlecken N, et al.
Iga Antibodies Against CD74 Are Associated With Structural Damage in the
Axial Skeleton in Patients With Axial Spondyloarthritis Anti-CD74 and
Progression of Axspa. Clin Exp Rheumatol (2020) 38(6):1127–31.

9. Ziade NR, Mallak I, Merheb G, Ghorra P, Baerlecken N, Witte T, et al. Added
Value of Anti-CD74 Autoantibodies in Axial SpondyloArthritis in a
Population With Low HLA-B27 Prevalence. Front Immunol (2019) 10:574.
doi: 10.3389/fimmu.2019.00574

10. Baraliakos X, Baerlecken N, Witte T, Heldmann F, Braun J. High Prevalence
of Anti-CD74 Antibodies Specific for the HLA Class II-Associated Invariant
Chain Peptide (CLIP) in Patients With Axial Spondyloarthritis.
Ann Rheum Dis (2014) 73:1079–82. doi: 10.1136/annrheumdis-2012-
202177

11. Arends S, Lebbink HR, Spoorenberg A, Bungener LB, Roozendaal C, Van Der
Veer E, et al. The Formation of Autoantibodies and Antibodies to TNF-a
Blocking Agents in Relation to Clinical Response in Patients With Ankylosing
Spondylitis. Clin Exp Rheumatol (2010) 28:661–8.

12. Brown MA, Kenna T, Wordsworth BP. Genetics of Ankylosing Spondylitis–
Insights Into Pathogenesis. Nat Rev Rheumatol (2016) 12:81–91. doi: 10.1038/
nrrheum.2015.133

13. Zhou Y, Wu H, Zhao M, Chang C, Lu Q. The Bach Family of Transcription
Factors: A Comprehensive Review. Clin Rev Allergy Immunol (2016) 50:345–
56. doi: 10.1007/s12016-016-8538-7

14. Thorarinsdottir K, Camponeschi A, Gjertsson I, Mårtensson I-L. CD21 –/Low

B Cells: A Snapshot of a Unique B Cell Subset in Health and Disease. Scand J
Immunol (2015) 82:254–61. doi: 10.1111/sji.12339
June 2021 | Volume 12 | Article 686273

https://www.frontiersin.org/articles/10.3389/fimmu.2021.686273/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2021.686273/full#supplementary-material
https://doi.org/10.1016/S0140-6736(16)31591-4
https://doi.org/10.1136/annrheumdis-2013-203582
https://doi.org/10.1016/j.imlet.2014.10.013
https://doi.org/10.1038/s41584-020-0454-9
https://doi.org/10.1038/s41584-020-0454-9
https://doi.org/10.1002/art.27383
https://doi.org/10.1016/j.lfs.2013.09.003
https://doi.org/10.1016/j.autrev.2016.06.001
https://doi.org/10.3389/fimmu.2019.00574
https://doi.org/10.1136/annrheumdis-2012-202177
https://doi.org/10.1136/annrheumdis-2012-202177
https://doi.org/10.1038/nrrheum.2015.133
https://doi.org/10.1038/nrrheum.2015.133
https://doi.org/10.1007/s12016-016-8538-7
https://doi.org/10.1111/sji.12339
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wilbrink et al. B-Cell Involvement in AxSpA Pathogenesis
15. Isnardi I, Ng Y-S, Menard L, Meyers G, Saadoun D, Srdanovic I, et al.
Complement Receptor 2/CD21- Human Naive B Cells Contain Mostly
Autoreactive Unresponsive Clones. Blood (2010) 115:5026–36. doi: 10.1182/
blood-2009-09-243071

16. Saadoun D, Terrier B, Bannock J, Vazquez T, Massad C, Kang I, et al.
Expansion of Autoreactive Unresponsive CD21-/Low B Cells in Sjögren’s
Syndrome-Associated Lymphoproliferation. Arthritis Rheum (2013) 65:1085–
96. doi: 10.1002/art.37828

17. Wehr C, Eibel H, Masilamani M, Illges H, Schlesier M, Peter HH, et al. A New
CD21 Low B Cell Population in the Peripheral Blood of Patients With SLE.
Clin Immunol (2004) 113:161–71. doi: 10.1016/j.clim.2004.05.010

18. Moir S, Ho J, Malaspina A, Wang W, DiPoto AC, O’Shea MA, et al. Evidence
for HIV-Associated B Cell Exhaustion in a Dysfunctional Memory B Cell
Compartment in HIV-Infected Viremic Individuals. J Exp Med (2008)
205:1797–805. doi: 10.1084/jem.20072683

19. Kroese FG, AbdulahadWH, Haacke E, Bos NA, Vissink A, Bootsma H. B-Cell
Hyperactivity in Primary Sjögren’s Syndrome. Expert Rev Clin Immunol
(2014) 10:483–99. doi: 10.1586/1744666X.2014.891439

20. Reed JH, Verstappen GM, Rischmueller M, Bryant VL. When B Cells Break
Bad: Development of Pathogenic B Cells in Sjögren’s Syndrome. Clin Exp
Rheumatol (2020) 38:S271–82.

21. Arends S, Brouwer E, van der Veer E, Groen H, Leijsma MK, Houtman PM,
et al. Baseline Predictors of Response and Discontinuation of Tumor Necrosis
Factor-Alpha Blocking Therapy in Ankylosing Spondylitis: A Prospective
Longitudinal Observational Cohort Study. Arthritis Res Ther (2011) 13:R94.
doi: 10.1186/ar3369

22. van der Geest KSM, Lorencetti PG, Abdulahad WH, Horst G, Huitema M,
Roozendaal C, et al. Aging-Dependent Decline of IL-10 Producing B Cells
Coincides With Production of Antinuclear Antibodies But Not
Rheumatoid Factors. Exp Gerontol (2016) 75:24–9. doi: 10.1016/j.exger.
2015.12.009

23. BohnhorstJØ, Thoen JE, Natvig JB, Thompson KM. Significantly Depressed
Percentage of CD27+ (Memory) B Cells Among Peripheral Blood B Cells in
Patients With Primary Sjögren’s Syndrome. Scand J Immunol (2001) 54:421–
7. doi: 10.1046/j.1365-3083.2001.00989.x

24. Karnell JL, Kumar V, Wang J, Wang S, Voynova E, Ettinger R. Role of
CD11c + T-Bet + B Cells in Human Health and Disease. Cell Immunol (2017)
321:40–5. doi: 10.1016/j.cellimm.2017.05.008

25. Rakhmanov M, Keller B, Gutenberger S, Foerster C, Hoenig M, Driessen G,
et al. Circulating CD21low B Cells in Common Variable Immunodeficiency
Resemble Tissue Homing, Innate-Like B Cells. Proc Natl Acad Sci (2009)
106:13451–6. doi: 10.1073/pnas.0901984106

26. Freudenhammer M, Voll RE, Binder SC, Keller B, Warnatz K. Naive- and
Memory-Like CD21 Low B Cell Subsets Share Core Phenotypic and Signaling
Characteristics in Systemic Autoimmune Disorders. J Immunol (2020)
205:2016–25. doi: 10.4049/jimmunol.2000343

27. Rakhmanov M, Gutenberger S, Keller B, Schlesier M, Peter HH, Warnatz K.
Cd21low B Cells in Common Variable Immunodeficiency Do Not Show
Defects in Receptor Editing, But Resemble Tissue-Like Memory B Cells. Blood
(2010) 116:3682–3. doi: 10.1182/blood-2010-05-285585

28. Ng YS, Cunningham-Rundles C, Meffre E. Common Variable
Immunodeficiency Patients With Increased CD21 -/Lo B Cells Suffer From
Altered Receptor Editing and Defective Central B-Cell Tolerance. Blood
(2011) 118:5977–8. doi: 10.1182/blood-2011-09-373969

29. Lau D, Yu-Ling Lan L, Andrews SF, Henry C, Thatcher Rojas K, Neu KE, et al.
Low CD21 Expression Defines a Population of Recent Germinal Center
Graduates Primed for Plasma Cell Differentiation. Sci Immunol (2017) 2(7):
eaai8153. doi: 10.1126/sciimmunol.aai8153

30. Sieper J, Poddubnyy D, Miossec P. The IL-23–IL-17 Pathway as a Therapeutic
Target in Axial Spondyloarthritis. Nat Rev Rheumatol (2019) 15:747–57.
doi: 10.1038/s41584-019-0294-7

31. Reincke ME, Payne KJ, Harder I, Strohmeier V, Voll RE, Warnatz K, et al. The
Antigen Presenting Potential of CD21low B Cells. Front Immunol (2020)
11:535784. doi: 10.3389/fimmu.2020.535784

32. Stone SL, Peel J, Scharer CD, Risley CA, Chisolm DA, Schultz MD, et al. T-Bet
Transcription Factor Promotes Antibody Secreting Cell Differentiation by
Limiting the Inflammatory Effects of Ifng on B Cells HHS Public Access.
Immunity (2019) 50:1172–87. doi: 10.1016/j.immuni.2019.04.004
Frontiers in Immunology | www.frontiersin.org 10108
33. Golinski M-L, Demeules M, Derambure C, Riou G, Maho-Vaillant M, Boyer
O, et al. Cd11c+ B Cells Are Mainly Memory Cells, Precursors of Antibody
Secreting Cells in Healthy Donors. Front Immunol (2020) 11:32. doi: 10.3389/
fimmu.2020.00032

34. Wang S, Wang J, Kumar V, Karnell JL, Naiman B, Gross PS, et al. IL-21
Drives Expansion and Plasma Cell Differentiation of Autoreactive CD11chiT-
Bet+ B Cells in SLE. Nat Commun (2018) 9(1):1758. doi: 10.1038/s41467-018-
03750-7

35. Rubtsova K, Rubtsov AV, Van Dyk LF, Kappler JW, Marrack P. T-Box
Transcription Factor T-bet, a Key Player in a Unique Type of B-Cell
Activation Essential for Effective Viral Clearance. Proc Natl Acad Sci USA
(2013) 110:E3216. doi: 10.1073/pnas.1312348110

36. Knox JJ, Myles A. Cancro MP. T-Bet+ Memory B Cells: Generation, Function,
and Fate. Immunol Rev (2019) 288:149–60. doi: 10.1111/imr.12736

37. Knox JJ, Buggert M, Kardava L, Seaton KE, Eller MA, Canaday DH, et al. T-
Bet+ B Cells Are Induced by Human Viral Infections and Dominate the HIV
gp140 Response. JCI Insight (2017) 2(8):e92943. doi: 10.1172/jci.insight.92943

38. Jenks SA, Cashman KS, Zumaquero E, Marigorta UM, Patel AV, Wang X,
et al. Distinct Effector B Cells Induced by Unregulated Toll-Like Receptor 7
Contribute to Pathogenic Responses in Systemic Lupus Erythematosus.
Immunity (2018) 49:725–739.e6. doi: 10.1016/j.immuni.2018.08.015

39. Veys EM, Van Laere M. Serum IgG, IgM, and IgA Levels in Ankylosing
Spondylitis. Ann Rheum Dis (1973) 32:493–6. doi: 10.1136/ard.32.6.493

40. Laurent MR, Panayi GS. Acute-Phase Proteins and Serum Immunoglobulins
in Ankylosing Spondylitis. Ann Rheum Dis (1983) 42:524–8. doi: 10.1136/
ard.42.5.524

41. Madhavan R, Porkodi R, Rajendran CP, Chandrasekaran AN, Umadevi KR,
Alamelu R. Igm, IgG, and IgA Response to Enterobacteria in Patients With
Ankylosing Spondylitis in Southern India. Ann N Y Acad Sci (2006) 958:408–
11. doi: 10.1111/j.1749-6632.2002.tb03014.x

42. Lau MC, Keith P, Costello ME, Bradbury LA, Hollis KA, Thomas R, et al.
Genetic Association of Ankylosing Spondylitis With TBX21 Influences T-Bet
and Pro-Inflammatory Cytokine Expression in Humans and SKG Mice as a
Model of Spondyloarthritis. Ann Rheum Dis (2017) 76:261–9. doi: 10.1136/
annrheumdis-2015-208677

43. Litao MKS, Kamat D. Erythrocyte Sedimentation Rate and C-reactive Protein:
How Best to Use Them in Clinical Practice. Pediatr Ann (2014) 43:417–20.
doi: 10.3928/00904481-20140924-10

44. Feng X, Xu X, Wang Y, Zheng Z, Lin G. Ectopic Germinal Centers and IgG4-
Producing Plasmacytes Observed in Synovia of HLA-B27+ Ankylosing
Spondylitis Patients With Advanced Hip Involvement. Int J Rheumatol
(2015) 2015:316421. doi: 10.1155/2015/316421

45. Voswinkel J, Weisgerber K, Pfreundschuh M, Gause A. B Lymphocyte
Involvement in Ankylosing Spondylitis: The Heavy Chain Variable Segment
Gene Repertoire of B Lymphocytes From Germinal Center-Like Foci in the
Synovial Membrane Indicates Antigen Selection. Arthritis Res (2001) 3:189–
95. doi: 10.1186/ar297

46. Appel H, Kuhne M, Spiekermann S, Ebhardt H, Grozdanovic Z, Köhler D,
et al. Immunohistologic Analysis of Zygapophyseal Joints in Patients With
Ankylosing Spondylitis. Arthritis Rheum (2006) 54:2845–51. doi: 10.1002/
art.22060

47. Kaaij MH, Tok MNV, Blijdorp IC, Ambarus CA, Stock M, Pots D, et al.
Transmembrane TNF Drives Osteoproliferative Joint Inflammation
Reminiscent of Human Spondyloarthritis. J Exp Med (2020) 217(10):
e20200288. doi: 10.1084/JEM.20200288

48. Thorarinsdottir K, Camponeschi A, Jonsson C, Granhagen Önnheim K,
Nilsson J, Forslind K, et al. CD21–/Low B Cells Associate With Joint
Damage in Rheumatoid Arthritis Patients. Scand J Immunol (2019) 90(2):
e12792. doi: 10.1111/sji.12792

49. Timmermans WMC, Van Laar JAM, Van Der Houwen TB, Kamphuis LSJ,
Bartol SJW, Lam KH, et al. B-Cell Dysregulation in Crohn’s Disease Is
Partially Restored With Infliximab Therapy. PloS One (2016) 11(7):
e0160103. doi: 10.1371/journal.pone.0160103

50. Defendenti C, Sarzi-Puttini P, Grosso S, Croce A, Senesi O, Saibeni S, et al.
Atzeni F. B Lymphocyte Intestinal Homing in Inflammatory Bowel Disease.
BMC Immunol (2011) 12:71. doi: 10.1186/1471-2172-12-71

51. Lu J, Ding Y, Yi X, Zheng J. Cd19+ B Cell Subsets in the Peripheral Blood and
Skin Lesions of Psoriasis Patients and Their Correlations With Disease
June 2021 | Volume 12 | Article 686273

https://doi.org/10.1182/blood-2009-09-243071
https://doi.org/10.1182/blood-2009-09-243071
https://doi.org/10.1002/art.37828
https://doi.org/10.1016/j.clim.2004.05.010
https://doi.org/10.1084/jem.20072683
https://doi.org/10.1586/1744666X.2014.891439
https://doi.org/10.1186/ar3369
https://doi.org/10.1016/j.exger.2015.12.009
https://doi.org/10.1016/j.exger.2015.12.009
https://doi.org/10.1046/j.1365-3083.2001.00989.x
https://doi.org/10.1016/j.cellimm.2017.05.008
https://doi.org/10.1073/pnas.0901984106
https://doi.org/10.4049/jimmunol.2000343
https://doi.org/10.1182/blood-2010-05-285585
https://doi.org/10.1182/blood-2011-09-373969
https://doi.org/10.1126/sciimmunol.aai8153
https://doi.org/10.1038/s41584-019-0294-7
https://doi.org/10.3389/fimmu.2020.535784
https://doi.org/10.1016/j.immuni.2019.04.004
https://doi.org/10.3389/fimmu.2020.00032
https://doi.org/10.3389/fimmu.2020.00032
https://doi.org/10.1038/s41467-018-03750-7
https://doi.org/10.1038/s41467-018-03750-7
https://doi.org/10.1073/pnas.1312348110
https://doi.org/10.1111/imr.12736
https://doi.org/10.1172/jci.insight.92943
https://doi.org/10.1016/j.immuni.2018.08.015
https://doi.org/10.1136/ard.32.6.493
https://doi.org/10.1136/ard.42.5.524
https://doi.org/10.1136/ard.42.5.524
https://doi.org/10.1111/j.1749-6632.2002.tb03014.x
https://doi.org/10.1136/annrheumdis-2015-208677
https://doi.org/10.1136/annrheumdis-2015-208677
https://doi.org/10.3928/00904481-20140924-10
https://doi.org/10.1155/2015/316421
https://doi.org/10.1186/ar297
https://doi.org/10.1002/art.22060
https://doi.org/10.1002/art.22060
https://doi.org/10.1084/JEM.20200288
https://doi.org/10.1111/sji.12792
https://doi.org/10.1371/journal.pone.0160103
https://doi.org/10.1186/1471-2172-12-71
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Wilbrink et al. B-Cell Involvement in AxSpA Pathogenesis
Severity. Braz J Med Biol Res (2016) 49(9):e5374. doi: 10.1590/1414-
431X20165374

52. Parikh JG, Tawansy KA, Rao NA. Immunohistochemical Study of Chronic
Nongranulomatous Anterior Uveitis in Juvenile Idiopathic Arthritis.
Ophthalmology (2008) 115:1833–6. doi: 10.1016/j.ophtha.2008.03.027

53. Hampe CS. B Cells in Autoimmune Diseases. (2012) 2012:. doi: 10.6064/2012/
215308

54. Schlegel PM, Steiert I, Kötter I, Müller CA. B Cells Contribute to Heterogeneity
of IL-17 Producing Cells in Rheumatoid Arthritis and Healthy Controls. PloS
One (2013) 8:82580. doi: 10.1371/journal.pone.0082580

55. Menard LC, Minns LA, Darche S, Mielcarz DW, Foureau DM, Roos D, et al. B
Cells Amplify Ifn-g Production by T Cells Via a TNF-a-Mediated Mechanism.
J Immunol (2007) 179:4857–66. doi: 10.4049/jimmunol.179.7.4857

56. Gagro A, Servis D, Cepika AM, Toellner KM, Grafton G, Taylor DR, et al.
Type I Cytokine Profiles of Human Naïve and Memory B Lymphocytes: A
Potential for Memory Cells to Impact Polarization. Immunology (2006)
118:66–77. doi: 10.1111/j.1365-2567.2006.02342.x

57. Van Der Geest KSM, AbdulahadWH, Chalan P, Rutgers A, Horst G, Huitema
MG, et al. Disturbed B Cell Homeostasis in Newly Diagnosed Giant Cell
Arteritis and Polymyalgia Rheumatica. Arthritis Rheumatol (2014) 66:1927–
38. doi: 10.1002/art.38625
Frontiers in Immunology | www.frontiersin.org 11109
Conflict of Interest: AS has received grant/research support from Abbvie, Pfizer,
Union Chimique Belge (UCB), Novartis and acted as a consultant for Abbvie,
Pfizer, MSD, UCB, Lilly and Novartis. SA has received grant/research support
from Pfizer. KG has received a speaker fee from Roche. EB has received
consultancy and speaker fees from Roche. HB has received unrestricted grants
from Bristol Myers Squibb (BMS) and Roche, consultant for BMS, Roche,
Novartis, MedImmune, UCB, speaker for BMS and Novartis. FK has received
unrestricted grants from BMS, is consultant for BMS, speaker for BMS Roche and
Jannsen-Cilag.

The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2021 Wilbrink, Spoorenberg, Arends, van der Geest, Brouwer, Bootsma,
Kroese and Verstappen. This is an open-access article distributed under the terms of
the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
June 2021 | Volume 12 | Article 686273

https://doi.org/10.1590/1414-431X20165374
https://doi.org/10.1590/1414-431X20165374
https://doi.org/10.1016/j.ophtha.2008.03.027
https://doi.org/10.6064/2012/215308
https://doi.org/10.6064/2012/215308
https://doi.org/10.1371/journal.pone.0082580
https://doi.org/10.4049/jimmunol.179.7.4857
https://doi.org/10.1111/j.1365-2567.2006.02342.x
https://doi.org/10.1002/art.38625
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Frontiers in Immunology | www.frontiersin.

Edited by:
Mirjam van der Burg,

Leiden University Medical Center,
Netherlands

Reviewed by:
Maartje G. Huijbers,

Leiden University Medical Center,
Netherlands

Marvin van Luijn,
Erasmus Medical Center, Netherlands

*Correspondence:
P. Stathopoulos

pmstathopoulos@gmail.com

Specialty section:
This article was submitted to

B Cell Biology,
a section of the journal

Frontiers in Immunology

Received: 26 March 2021
Accepted: 28 May 2021
Published: 17 June 2021

Citation:
Zografou C, Vakrakou AG and

Stathopoulos P (2021) Short- and
Long-Lived Autoantibody-

Secreting Cells in Autoimmune
Neurological Disorders.

Front. Immunol. 12:686466.
doi: 10.3389/fimmu.2021.686466

REVIEW
published: 17 June 2021

doi: 10.3389/fimmu.2021.686466
Short- and Long-Lived Autoantibody-
Secreting Cells in Autoimmune
Neurological Disorders
C. Zografou1, A. G. Vakrakou2 and P. Stathopoulos2*

1 Institute of Neuropathology, University of Zurich, Zurich, Switzerland, 2 First Department of Neurology, National and
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As B cells differentiate into antibody-secreting cells (ASCs), short-lived plasmablasts
(SLPBs) are produced by a primary extrafollicular response, followed by the generation of
memory B cells and long-lived plasma cells (LLPCs) in germinal centers (GCs). Generation
of IgG4 antibodies is T helper type 2 (Th2) and IL-4, -13, and -10-driven and can occur
parallel to IgE, in response to chronic stimulation by allergens and helminths. Although
IgG4 antibodies are non-crosslinking and have limited ability to mobilize complement and
cellular cytotoxicity, when self-tolerance is lost, they can disrupt ligand-receptor binding
and cause a wide range of autoimmune disorders including neurological autoimmunity. In
myasthenia gravis with predominantly IgG4 autoantibodies against muscle-specific kinase
(MuSK), it has been observed that one-time CD20+ B cell depletion with rituximab
commonly leads to long-term remission and a marked reduction in autoantibody titer,
pointing to a short-lived nature of autoantibody-secreting cells. This is also observed in
other predominantly IgG4 autoantibody-mediated neurological disorders, such as chronic
inflammatory demyelinating polyneuropathy and autoimmune encephalitis with
autoantibodies against the Ranvier paranode and juxtaparanode, respectively, and
extends beyond neurological autoimmunity as well. Although IgG1 autoantibody-
mediated neurological disorders can also respond well to rituximab induction therapy in
combination with an autoantibody titer drop, remission tends to be less long-lasting and
cases where titers are refractory tend to occur more often than in IgG4 autoimmunity.
Moreover, presence of GC-like structures in the thymus of myasthenic patients with
predominantly IgG1 autoantibodies against the acetylcholine receptor and in ovarian
teratomas of autoimmune encephalitis patients with predominantly IgG1 autoantibodies
against the N‐methyl‐d‐aspartate receptor (NMDAR) confers increased the ability to
generate LLPCs. Here, we review available information on the short-and long-lived
nature of ASCs in IgG1 and IgG4 autoantibody-mediated neurological disorders and
highlight common mechanisms as well as differences, all of which can inform therapeutic
strategies and personalized medical approaches.
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INTRODUCTION

B cells are the major components of the humoral adaptive
immune system. Prior to antigenic stimulation, B cells develop
in the bone marrow, where V (variable), D (diversity), and J
(joining) gene recombination occurs, leading to the formation of
the immunoglobulin antigen binding domains and the naïve B
cell receptor repertoire. During this process of development and
diversity generation, autoreactive clones are physiologically
cleared by mechanisms imposed by two tolerance checkpoints:
one central and one peripheral (1). Upon antigenic challenge, B
cells of secondary lymphoid tissue are exposed to the antigen and
form antibody-secreting B cells (ASC) by two complementary
pathways: the first extrafollicular, and the second involving a
germinal center (GC) reaction (follicular pathway) (2–4). A
canonical response to a foreign antigen involves a switch from
the first pathway to the second within approximately a week. The
products of B cell development and differentiation—ASCs—can
be divided into short-lived plasmablasts (SLPBs) and long-lived
plasma cells (LLPCs). SLPBs express unswitched or isotype-
switched immunoglobulin (Ig), and their formation can
indicate a rapid antigen clearance response (5). In contrast,
precursors of LLPCs are typically, but not always, isotype
switched and upon exit from GCs either become peripheral
memory B cells or enter a survival niche—such as the bone
marrow—and become LLPCs.

Both SLPBs and LLPCs may contribute to the pathogenesis of
neurological autoimmune diseases. Moreover, pathogenic
autoantibodies produced by autoreactive ASCs and directed
against neurologic antigens can either be predominantly of the
IgG1 or the IgG4 subclass, or in rarer cases can be of both
subclasses. Interestingly, the predominant subclass seems to be
connected to whether autoantibody-secreting cells are short- or
long-lived. A specific example relates to myasthenia gravis (MG)
associated with predominantly IgG4 autoantibodies against
muscle-specific kinase (MuSK), where autoreactive ASCs
appear to be short-lived (6). This short-lived nature is
supported by the observation that MuSK autoantibody titers
decrease rapidly after CD20+ B cell depletion with rituximab (7–
9). As most of the ASCs are CD20- and are not directly targeted
by rituximab, titer reduction can be explained by depletion of the
CD20+ ASC-progenitor cells in combination with the short-lived
nature of MuSK ASCs. In MG, however, with predominantly
IgG1 autoantibodies against the nicotinic acetylcholine receptor
(AChR), titer decline post rituximab shows that B cell depletion
varies from minimal (9, 10) to less pronounced in comparison to
MuSK MG (11–13). Hence the AChR ASCs are presumed to be
more long-lived (14). Of note, clinical responses to rituximab
resemble —to some extent—autoantibody titers and comprise
dramatic improvement in most cases of MuSK MG (8, 9, 15, 16)
but are less pronounced (yet favorable in many cases) in AChR
MG (NCT02110706) (17–24).

In this review, we aim to examine whether the MG paradigm
extends to other autoimmune neurologic disorders with
pathogenic autoantibodies of the IgG1 and IgG4 subclass.
Further, we discuss how antigen-experienced B cells
differentiate into predominantly IgG1- or IgG4- secreting ASCs
Frontiers in Immunology | www.frontiersin.org 2111
and how IgG1 and IgG4 B cell responses generate short- and
long-lived autoantibody-producing cells differently. While
focusing on human data, we give an overview of how the
different subclasses and ASCs contribute to different
autoimmune neurological diseases, and in parallel, highlight
advances in B cell biology that relate to the development of
pathogenic autoantibodies.
SHORT- AND LONG-TERM HUMORAL
IMMUNITY IN INFECTION, ALLERGY,
AND AUTOIMMUNITY

With the exception of IgM autoantibodies against myelin-associated
glycoprotein (MAG) (25), all pathogenic autoantibodies against
neurologic cell surface protein antigens are class-switched
immunoglobulins (IgG). In turn, presence of IgG is typically, but
not always, associated with GC responses and the formation of
long-lasting immunological memory. With the current wealth of
information about the development of humoral responses, we can
better appreciate the cellular andmolecular mechanisms that lead to
the generation of such responses to pathogens, as well as to allergens
and autoantigens. In the following sections, we will briefly
summarize current concepts of B cell responses, general rules and
their exceptions, and further explain how these might be relevant to
the formation of neurologic autoantibodies of the IgG1 and
IgG4 subclass.

Extrafollicular B Cell Responses
Observations of follicular and extrafollicular responses rely
mainly on rodent models. Shortly after exposure to a T-cell-
dependent antigen, responding B cells and T cells appear at the B
cell follicle/T cell zone border of the lymph node (26). The initial
humoral response involves B cells differentiating into SLPBs with
the help of T follicular helper cells (Tfh) at extrafollicular sites (2,
27) (Figure 1). These extrafollicular B-cell responses generate
many of the early-induced antibodies approximately four days to
one week after exposure to the antigen (2, 28). In canonical
responses, the extrafollicular response reverts after the first week
and gives its place to the GC responses. However, extrafollicular
responses persist in non-canonical responses [e.g. in the setting
of Salmonella (29) and Borrelia infection (30) or certain types of
autoimmunity such as rheumatoid arthritis patients’ synovia (31)
and lupus-prone mice (32)]. Although characteristics of the GC
response (somatic hypermutation, class-switch recombination
and generation of B cell memory) can also be found in canonical
and non-canonical extrafollicular responses (29, 31–37), they are
present to a lesser extent. One exception is the ability to establish
LLPCs, which is absent in the extrafollicular response (38–41).
Classical views regard the extrafollicular response as a response
that is promiscuous and of low, yet detectable specificity (29,
36, 42).

Germinal Center Responses
Development of B cell immunologic memory and differentiation
of B cells into high-affinity LLPCs primarily occurs within
June 2021 | Volume 12 | Article 686466
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secondary lymphoid tissue—specifically the lymphoid follicles
(B cell follicles) of the lymph nodes or the spleen, which harbor
structures known as GCs. After the initial B cell response, the
initiation of GCs is orchestrated by various immune cells,
including B cells, helper T cells (such as Tfh cells driven by
bcl-6), follicular dendritic cells (FDCs), and macrophages, as well
as cytokines such as IL-6 (43–46). Since the discovery of GCs as
affinity-maturation entities (47), microscopy-visualized GC
reactions (48, 49) have shed light onto GC structure and
dynamics. Two zones comprise the GC: the light zone and the
dark zone; the light zone facilitates interaction with the antigen
via Tfh and FDCs in order to select higher-affinity B cell clones
while the dark zone facilitates B cell proliferation and somatic
hypermutation in order to generate candidates for clonal
selection in the light zone (50) (Figure 1). Accordingly, dark-
zone B cells (centroblasts) engage mitosis-related genes and
activation-induced cytidine deaminase (AID), thus enabling
somatic hypermutation and class-switch recombination (51).
Mature GCs allow entry to naïve B cells in addition to re-entry of
higher-affinity clones, as repeated involvement of memory B cells
in GC reactions has been observed in human lymph nodes (52).
Frontiers in Immunology | www.frontiersin.org 3112
As a consequence, exported LLPCs display higher affinity and
more somatic mutations compared to memory B cells (53).
Overall, higher-affinity clones that mature within the dark zone
differentiate into either LLPCs that migrate to the bone marrow
or memory B cells, while lower-affinity clones undergo apoptosis.

A Continuum of Antibody-Secreting Cells
ASCs exiting extrafollicular or follicular maturation processes are
grossly divided into SLPBs and LLPCs and are connected to
specific immunophenotypes measured with flow cytometry.
More specifically, SLPBs are often described as CD20-

CD19med/+ IgD- CD27hi CD38hi (of those, some but not all are
also CD138+), while LLPCs are described as CD20- CD19-

CD38hi CD138+ (54). It should be taken into account that as B
cells differentiate toward high-affinity LLPCs, a phenotypic
continuum is formed that does not entirely fit into the two
immunophenotypes. Accordingly, a minority of presumably
immature circulating SLPBs retain CD20 expression (55), and
a minority of bone marrow LLPCs retain CD19 expression (56,
57). Both markers (CD20 and CD19) are ultimately lost as CD38
and CD138 expressions peak in Blimp-1-driven LLPCs.
FIGURE 1 | Differentiation of B cells into short- and long-lived antibody-secreting cells. In the initial phase of the immune response to a T cell-dependent antigen,
responding naïve B cells appear in the T cell zone of the lymph node (upper left), where their development and differentiation is facilitated by T cell-secreted
cytokines. T helper type 2 (Th2) type cytokine secretion, such as IL-4, -10, and -13 favors the induction of an IgG4 response. B cells enter the extrafollicular pathway
and undergo B cell receptor (BCR) activation by encountering antigens on follicular dendritic cells (FDCs), which they then present to T follicular helper (Tfh) cells
through MHC-II. The extrafollicular pathway gives rise to (i) short-lived plasmablasts (SLPBs) that enter the periphery, and (ii) germinal center (GC)-independent
memory B cells. In a second phase, activated B cells enter the GC dark zone, where they mutate (a process called somatic hypermutation) and clonally expand
(therefore termed centroblasts). B cells cycle between the dark and the light zone (where they are termed centrocytes). The dynamic cycle of the GC allows
centrocytes that entered the light zone to be chosen based on the affinity of their BCRs to the antigen. Low-affinity B cells that are not presenting antigen on their
BCRs will eventually become apoptotic and die. B cells that do present the antigen receive help from Tfh through CD40L and IL21 survival signals. The end-products
of the GC reaction are (i) memory B cells, and (ii) long-lived plasma cells (LLPCs). GC memory B cells will enter the periphery and re-enter the GC upon BCR
stimulation. LLPCs exit the GC and find a survival niche, typically the bone marrow.
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Mechanistic Differences Between IgG1
and IgG4 Responses
While IgG1 is the most predominant IgG subclass in healthy adults
(more than 60% of total IgG) and IgG4 by far the rarest
(approximately 5% of total IgG) (58–61), IgG4 is of special interest
not only because it is related to autoimmunity but also because of its
anti-inflammatory properties and its coexistence with Th2-driven IgE
(allergic) responses (62). In beekeepers, chronic exposure to allergen
leads to upregulation of both IgE and IgG4 (63); IgG4 competes with
IgE for the same antigen but has weak effector functions [mobilization
of complement-dependent cytotoxicity (CDC) and antibody-
dependent cellular cytotoxicity (ADCC)]. Moreover, IgG4 cannot
crosslink the antigen as it exchanges its Fab arms to become
functionally monovalent (64). Consequently, production of antigen-
specific IgG4 protects beekeepers from IgE-mediated allergy. Allergen
tolerization therapy (e.g., grass pollen) is clinically effective and
induces an IgG4 antigen-specific response. Of note, repetitive or
prolonged antigenic stimulation seems to elicit an IgG4 response in
other settings as well, such as in chronic biologic therapeutics
administration (e.g. clotting factor VIII, natalizumab, adalimumab)
(65–67), repeated immunization (68), and helminth infection
(69–73).

Both IgG4 and IgE class-switch and production are induced
by IL-4 and IL-13 (74–76), however additional IL-10 signals
divert Ig production in favor of IgG4 (77–79). Allergic
sensitization and immediate hypersensitivity points to the
presence of IgE memory and total IgE titers persist in actively
atopic patients (10, 62, 80). Data from murine models point to
IgE B cells showing difficulty remaining in the GC and
generating memory B cells and LLPCs (81, 82). This is
corroborated by a post-seasonal total IgG4/IgE titer drop (62)
and transient-only IgE increases seen in non-atopic children
(83). IgG4 B cells seem to be equally ineffective in producing
LLPCs. Compared to IgG1 B cells, human IgG4 B cells express
less CXCR4, a chemokine important for bone marrow
chemotaxis, and low numbers of IgG4 cells are observed in
human secondary lymphoid organs (84). Data from IgG4 related
disease (IgG4-RD) also support the notion that the generation of
LLPCs is diminished in IgG4 responses as levels of circulating
IgG4 SLPBs correlate with total IgG4 levels. In addition,
rituximab treatment affects a significant drop in IgG4 (and
IgE) levels (85), but the drop in IgG1 titers is not as
pronounced (86). It should be noted though that as the
response to rituximab treatment can be partial, some LLPCs
most likely do exist.

Regulatory T cell (Treg) involvement may be different in IgG4
and IgG1 responses. Apart from extrafollicular Tregs that could
control GC initiation, follicular regulatory T cells (Tfr) may
balance Tfh cells and participate in determining the fate of B
cells. Tfr cells may either directly suppress GC B cells through
CTLA-4-mediated inhibition of CD80/CD86 co-stimulatory
signaling or indirectly do so through IL-10 secretion acting on
Tfh cells (87). Importantly, allergen-specific Tregs from healthy
individuals can suppress IgE and induce IgG4 production ex vivo
via IL-10 and TGF-b (88, 89). During human helminth infection
(which causes IgE and IgG4 elevation), Tregs that produce IL-10
Frontiers in Immunology | www.frontiersin.org 4113
and inhibit effector T cells can be found in the peripheral blood
and may play a role in limiting inflammation (90), while in
murine models of helminth infection, Tregs expand, produce
IL-10, and can limit the Th1 more than the Th2 response (91).
Similarly, Tregs are expanded in the peripheral blood of
IgG4-RD patients (along with IgG4 and Th2 cells) (92, 93) and
infiltrate target organs (along with IgG4 cells) (94). Conversely,
in MG mediated by predominantly IgG1 autoantibodies against
AChR, patients have been shown to harbor dysfunctional Tregs
(95), and further, induction of Tregs via GM-CSF effectively
suppressed experimental autoimmune MG (96). In pemphigus
vulgaris (PV) mediated by predominantly IgG4 autoantibodies
against desmoglein, contradicting data that Tregs have both not
been able to suppress (97) and have suppressed autoimmune
responses (98) are reported. These results underline the need for
further investigations into the role of Tregs in autoantibody-
mediated autoimmunity.

Class-Switch Recombination in the Setting
of Allergy and Autoimmunity
Class-switching recombination (CSR) is a fundamental change
connected to the maturation of B cells as they evolve towards
antibody secretion in response to antigens. CSR is facilitated by
AID and materialized by the excision of DNA fragments and the
subsequent joining of previously distant regions. As a
consequence, CSR can only happen in the 5’-3’ direction of
chromosomal topology of the different (corresponding to
different classes and subclasses) constant region fragments
(Figure 2). The use of high-throughput, next-generation
sequencing (NGS) of the B cell receptor variable region and
the beginning of the constant region (which can determine class
and subclass) offers direct insight into human CSR mechanisms.
Mutational analysis allows for the construction of B cell lineage
trees, and at the same time, subclass is assigned to clonal family
members. That way, one can pinpoint CSR with the use of
somatic mutations as a ‘molecular clock’ (99). NGS analysis
shows that the majority of naïve IgD/M switch to proximal
classes (IgG3, IgG1, IgA1), and that the proximal classes then
(secondarily, or indirectly) switch to more distal classes (IgG2,
IgG4, IgA2). Indeed, more distal subclasses display greater
mutational load, on average (61, 100–105).

CSR and origins of IgE and IgG4 have been extensively
exanimated in allergy and autoimmunity. In allergy, whole-
repertoire NGS data from healthy and allergic individuals
indicate that indirect switching from IgG1 is the primary
source of IgE, while indirect switching from IgG4 is also
significant (given overall rarity of IgG4) (103, 106). In
accordance, examination of antigen-specific clonal families in
allergic individuals showed common presence of IgE with
predominantly IgG1, and to a lesser degree, IgG4 B cells
within the same clonal family (107, 108). Most importantly, in
pemphigus vulgaris (PV), a bullous skin disease mediated by
pathogenic autoantibodies (mostly IgG4) against desmoglein, the
NGS approach showed that IgG4 antigen-specific cells are not
predominantly formed from IgG1 (or IgA) precursors. In fact,
IgG1 and IgG4 desmoglein responses evolve in parallel along the
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same lineage tree, and it is plausible that the IgM-to-IgG4 direct
switch is predominant for antigen-specific cells (109).

Mechanistic Differences Between IgG1
and IgG4 Antibodies
IgG1 and IgG4 autoantibodies bear different mechanisms of
pathogenicity because of their molecular characteristics (e.g.
P331S, L234F, P228S, A327G, and R409K amino acid
substitutions in the IgG4 Fc region) (59, 79). Pro-inflammatory
IgG1 autoantibodies activate CDC and ADCC through their
constant fragment (Fc) and moreover can crosslink the antigen
and affect its internalization. In contrast, IgG4 antibodies
constitute a principally anti-inflammatory IgG subclass and
have limited ability to mobilize CDC and ADCC due to a low
affinity for C1q complement components and Fcg receptors
(110), however lgG4 antibodies can block the ligand-receptor
interaction of the target antigen. One cardinal feature of IgG4
antibodies is that they undergo Fab-arm exchange, which results
in bivalent binding properties of different specificities for each
arm and thereby lose their ability to crosslink (64). This Fab-arm
exchange effectively leads to functional monovalency of IgG4
antibodies. In addition to Fab-arm exchange, the lower mobility
of IgG4s due to their shorter—compared to IgG1—hinge region
complicates their structure, making IgG4 even less likely to be
crosslinking antigens (111). Overall, the IgG4 subclass remains
relatively poorly studied yet plays a fundamental role in
neurological and non-neurological autoimmunity (58–61).
AUTOIMMUNE NEUROLOGICAL
DISEASES MEDIATED BY IGG1 AND
IGG4 AUTOANTIBODIES

In many neurologic diseases, some of them newly defined,
pathology is mediated by autoantibodies against surface/
extracellular protein antigens. Among those are MG, chronic
Frontiers in Immunology | www.frontiersin.org 5114
inflammatory demyelinating polyradiculoneuropathy (CIDP),
neuromyelitis optica and neuromyelitis optica spectrum
disorders (NMOSD), acute disseminated encephalomyelitis
(ADEM), relapsing optic neuritis (ON), pediatric acquired
demyelinating syndromes, and autoimmune encephalitis (AE)
(112–116). Such neuronal autoantibodies can affect multiple
facets of the CNS and PNS as they target a wide spectrum of
antigens, neurotransmitter receptors, ion channels and
glycoproteins (Table 1). Clinical manifestations of neurological
diseases mediated by autoantibodies are diverse and include
fatigability, weakness, sensory and visual disturbances,
movement and sleep disorders, epileptic seizures, decreased
consciousness, and various cognitive symptoms. Serum and
CSF autoantibodies have transitioned from being mere
diagnostic tools to being defining factors of the clinical
spectrum; and moreover, autoantibody titers can sometimes
serve as markers of disease activity and more often of response
to treatment. Of note, neuronal autoantigens can be classified
into two categories depending on their localization: surface or
intracellular. Pathogenicity of the latter is questionable, and as
accessibility of intracellular targets to autoantibodies is limited in
intact cells, the humoral response could be secondary to a
primary cellular-damage event. In these cases, the primary
response could involve a T cell (162, 212) or other cytotoxic
immune cell-mediated mechanism. Here, we focus on cell
surface protein antigens, where humoral responses are directly
implicated in disease pathology.

In addition to IgG1 autoantibodies, several different CNS or
PNS antigens have been identified as targets of IgG4
autoantibodies, and this discovery has enabled us to categorize
autoimmune diseases by pathophysiological mechanism. IgG4
autoantibody-mediated diseases are not driven by antibody
effector functions but by direct and mechanical disruption of
ligand-receptor interactions (175). Examples include antibodies
specific to MuSK, a protein that is instrumental in the agrin-
LRP4 pathway leading to AChR clustering (213); LGI1, a
secreted protein that stabilizes the transsynaptic complex
FIGURE 2 | Human antibody isotype and class-switch recombination; diagram of the organization of the heavy chain gene locus. The constant genes are shown as
squares and their width represents the relative gene size. Constant m and d (Cm &Cd) genes, preceded by the leader (L) and variable (V), diversity (D), or joining (J)
gene regions, are expressed early in the B cell development. Recombination events (indicated as cutting sites) replace the Cm and Cd genes with other isotypes and
subclasses (Cg1-4, Ca1-2, and Cϵ) according to the depicted downstream order. IgG4 subclass antibodies can either be generated directly (left panel)—by IgM or
IgD recombination and loss of the respective IGHC genes—or indirectly in two steps (right panel).
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between the pre and postsynaptic receptors, ADAM23 and
ADAM22 (169, 214, 215); and the protein complex of
contactin-1, neurofascin-155 and caspr-1, which anchors
myelin loops to the axon at the Ranvier paranode (216). A
further interesting aspect of autoantibody-mediated neurological
diseases is HLA restriction seen in patients as compared to
healthy controls, likely meaning that specific antigenic peptides
are better presented to T cells by specific HLA alleles (217, 218).
This is relevant to B cell function, as B cells can pick up antigens
with the B cell receptor (BCR) and process them and effectively
present them via MHC II to T cells (219). Such a restriction has
been shown both in diseases mediated by IgG1 and by IgG4
autoantibodies, and strong associations to specific—mainly
class II—HLA haplotypes have been detected, with odds ratios
exceeding 8 in disorders such as encephalitis with autoantibodies
against leucine-rich glioma-inactivated protein 1 (LGI1) and
contactin-associated protein 2 (caspr2) (171), chronic
inflammatory demyelinating polyradiculoneuropathy (CIDP)
Frontiers in Immunology | www.frontiersin.org 6115
with autoantibodies against neurofascin 155 (NF155) (185) and
IgLON5 disease (220).
EVIDENCE ON THE EXISTENCE OF LONG-
AND SHORT-LIVED ASCS IN
NEUROLOGICAL AUTOIMMUNITY

The short- and long-lived nature of pathogenic autoantibodies is
directly relevant to immunotherapeutic strategies. There are
indications from the study of MG—the prototype of
autoantibody-mediated diseases—that there is a systemic
difference between predominantly IgG1 and predominantly IgG4
autoantibody responses regarding the longevity of ASCs. We have
therefore examined the relevant evidence in the more common
neurologic autoantibody-mediated disease entities. Data can be
divided into two categories. First, we examined autoantibody titer
TABLE 1 | Autoimmune neurological diseases mediated by IgG1 and IgG4 autoantibodies.

Disorder Subclass Prevalence Antibody
localization

HLA restriction Complement
involvement

MuSK MG IgG4 (117–119) 1.9-2.9/1.000.000 (120) Serum (118, 119,
121)

HLA-DR14-DQ5 haplotype (122, 123) N/A

AChR MG IgG1 & IgG3 (124–126) 4.3-18/1.000.000 (120) Serum (124, 125,
127, 128)

No association (but DQB1*05:02 and
DRB1*16 (129)

Yes (126,
130–132)

AQP4 NMO(SD) IgG1 (133) 27-100% of 0.7-1.09/
100,000 (134, 135)

Serum, CSF (136–
138)

HLA-DRB1*03:01 (139, 140) Yes (141–143)

MOG MOGAD mostly IgG1, also IgG2, IgG3
(144, 145)

1.9/100,000 (146) Serum, CSF (145,
147, 148)

No association (149) Yes (150, 151)

NMDAR
Encephalitis

IgG1 and IgG3 (152–157) 0.6/100.000 (146) Serum (158) Weak association with the HLA-B*07:02
allele (159)

No (153, 160–
162)

IgLON5 disease mostly IgG4, also IgG1 (163). All 4
IgG subclasses detected (164)

1/150.000 (164, 165) Serum and very
frequently in the CSF
(164)

HLA-DRB1 & HLA-DQB1 (163) No (166)

LGI1 Encephalitis IgG4 (167, 168) 0.7/100.000 (146) Serum, in 80–90% in
CSF (169, 170)

HLA-DRB1*07:01–DQB1*02:02 (171–
173) & HLA-DR7 and HLA-DRB4 (174)

Limited
evidence (162)

CASPR1 CIDP IgG4, IgG1, IgG3 (175), IgG2/3
(176)

1.9-4.3% of CIDP: 0.7-
10.3/100.000 (177, 178)

Serum (175) N/A Limited
evidence (179)

Contactin1 CIDP IgG4 (175, 180) 0.8% of CIDP: 0.7-10.3/
100,000 (175, 177)

Serum (175) All CIDP HLA-DR3 & DR3/DQ2 (181) Limited
evidence (182)

Neurofascin CIDP
(NF155 & NF186)

IgG4 (175, 180, 183), IgG1, IgG3
(175)

2.9-7% of CIDP: 0.7-10.3/
100.000 (175, 177, 184)

Serum (184) HLA-DRB15 (185) HLA-DRB1-15 &
DQB1 (186)

No (184)

GABA-A
Encephalitis

IgG1 (94%) or IgG3 (6%) (187) ~50 cases (187, 188) Serum, CSF (189,
190)

N/A N/A

GABA-B
Encephalitis

IgG1 (191) ~63 cases (191–193) Serum, CSF; in 25%
high titer in CSF (192)

No association (173) Yes (194)

DPPX Encephalitis IgG1 and IgG4 (195) <40 cases (195–198);
<1/1.000.000
(ORPHA:329341)

Serum, CSF N/A N/A

mGluR5
Encephalitis

IgG1, IgG1/IgG2, IgG1/IgG3 (199) ~20 cases (199, 200) Serum, CSF (199) N/A Not likely (199)

CASPR2
Encephalitis

IgG4 (167, 170) ~100 cases (170, 201,
202)

Serum, CSF (203) HLA-DRB1*11:01-DQA1*05:01-
DQB1*03:01 (171)

Limited
evidence (204,
205)

GlyR Encephalitis IgG1 and IgG3 (152–157) ~100 cases (155, 206) Serum, CSF (155,
158, 207, 208)

N/A Yes (155)

AMPAR
Encephalitis, (GluA1
& GluA2)

IgG1 (209) <100 patients (210, 211) Serum, CSF (193) N/A Limited
evidence (209)
June 2021 | Volume 12 |
MG, myasthenia gravis; CIDP, chronic inflammatory demyelinating polyradiculoneuropathy; NMOSD, neuromyelitis optica spectrum disorder; MOGAD, myelin-oligodendrocyte
glycoprotein antibody disorder; AE, autoimmune encephalitis; N/A, not available.
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response to rituximab, the CD20+ B cell depleting monoclonal
antibody that has revolutionized neurologic therapeutics, and a
rapid decline in autoantibody titer post-rituximab supports the
short-lived nature of ASCs. Second, we reviewed studies that have
directly examined ASCs by employing an array of techniques, from
immunohistochemistry and bulk B cell culture to single B cell
cloning and production of monoclonal antibodies. In particular,
immune phenotypes of B cells from which antigen-specific
monoclonal antibodies are derived provide information about the
short- or long-lived nature of ASCs. These two groups of data are
summarized in Table 2.

It should be noted that rituximab-induced B cell depletion is
materialized by ADCC, CDC, and antibody-dependent cellular
phagocytosis (ADCP) (255). Circulating CD20+ B cells become
undetectable almost immediately after rituximab treatment, and
levels remain low for at least 6 months. Repeated dosing every 6
months can affect longer (than 6 months) B cell depletion after
treatment ends (256–259). Moreover, rituximab affects a
Frontiers in Immunology | www.frontiersin.org 7116
reduction but not a compete depletion in B cells of lymph
nodes (260). Finally, repeated rituximab dosing results in
gradual total serum IgM and IgG reduction (261).
MYASTHENIA GRAVIS: THE PROTOTYPE

Evidence from several case series suggests that rituximab is
clinically effective in the majority of MG patients; especially in
patients with MuSK MG the improvement is more pronounced
compared to AChR MG (8, 9, 13, 16–24). Despite the many
reports of good efficacy of rituximab in AChR MG, a one-year
phase 2 trial of rituximab (NCT02110706) did not meet the
primary endpoint, which was achievement of a 75% reduction in
mean daily prednisone. This was possibly due to the study
duration and a high percentage of patients meeting the
endpoint in the placebo arm. The secondary endpoints,
improvement in quantitative MG scales, was greater in the
TABLE 2 | Summary of data supporting presence of short and long-lived ASCs in neurological disorders.

Antigen Subclass Post rituximab
antibody titers

Findings regarding short- and long-lived antigen-specific ASCs SLPB
presence

GC/
LLPC

presence

AChR IgG1 No change or mild
decrease (9, 11,
13, 14)

Cultured BM, thymus, and lymph node cells produce AChR Ab (221); GCs present in thymus
(222); AChR-specific B cells present in thymus (223, 224) are HLA-DRlow plasma cells (225)

no yes

MuSK IgG4 Marked decrease
(6, 7, 9, 20, 213)

SLPBs produce MuSK Ab (213, 226) yes no

AQP4 IgG1 Significant
decrease and no
change both
reported (227–
230)

CD20+ B cells and CD138+ (SLPBs or LLPCs) cells found in CNS (231, 232); Peripheral blood
SLPBs increased in relapses; SLPBs produce AQP4 Ab in culture (233) [could not be reproduced
from frozen cells (234)]; presence of AQP4-specific CD138+ cells (SLPBs or LLPCs) in CSF (235)

yes possible

MOG IgG1 Decrease in MFI,
yet MOG-Ab
remained
detectable (236)

CD20+ B cells found in CNS (237); Peripheral blood PBs not increased in relapses (238) no no

NMDAR IgG1 Marked decrease
in one patient
(239)

B cells and CD138+ cells found in CNS (160, 162, 240, 241); Peripheral blood SLPBs increased
in one patient (239); GC-like structures, SLPBs and CD20- CD138+ LLPCs found in teratomas,
and teratoma lymphocytes produce NMDAR Ab (153, 242); NMDAR-specific SLPBs or LLPCs
found in CSF (241, 243)

yes yes

IgLON5 IgG4,
IgG1

N/A Few CD20+ B cell in brain (166, 244, 245) no no

LGI1 IgG4 Marked decrease
in 5/6 patients
(246, 247)

LGI1-specific CD138+ cells (SLPBs or LLPCs) found in CSF (248) possible possible

Contactin1 IgG4 Marked decrease
(249)

N/A no no

NF155 IgG4 Marked decrease
(249, 250)

N/A no no

DPPX IgG4,
IgG1

Decrease (251) N/A no no

Caspr2 IgG4 Marked decrease
(252)

N/A no no

mGluR5 IgG1,
IgG4

Decrease (253) N/A no no

GABA-B IgG1 N/A CD19+ CD138+ SLPBs found in CSF; CD138+ cells found in brain parenchyma (254) yes possible
June 2021 | Volum
e 12 | Arti
ASCs, antibody-secreting cells; AChR, acetylcholine receptor; BM, bone marrow; GC, germinal center; MuSK, muscle-specific kinase; NF155, neurofascin155; AQP4, aquaporin 4;
SLPBs, short-lived plasmablasts; LLPCs, long-lived plasma cells; MFI, mean fluorescence intensity on flow cytometry cell-based assay; MOG, myelin oligodendrocyte glycoprotein;
NMDAR, N‐methyl‐d‐asparate receptor; LGI1, Leucine-rich glioma-inactivated protein 1; DPPX, dipeptidyl-peptidase-like protein-6; Caspr2, contactin-associated glycoprotein2; mGluR5,
metabotropic glutamate receptor 5; GABA-B, gamma aminobutyric acid receptor B; N/A, not available.
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rituximab arm but the difference was not significant. This clinical
difference between MuSK and AChR MG is reflected in
autoantibody titers post-rituximab. Most patients with MuSK
MG receiving rituximab show marked decline in MuSK
autoantibody titer (7–9, 20). In contrast, titer decline in AChR
MG is variable and in many patients is less pronounced (9, 11–
14). Interestingly, the intensity of rituximab induction seems to
be proportionate to the durability of the response of MuSK MG
patients (262).

In parallel, cellular approaches have also contributed to
deciphering of the short- or long-lived nature of ASCs in MG.
In AChR MG, cultured bone marrow cells produced higher
concentrations of AChR autoantibodies compared to
peripheral blood, thymus, and lymph node lymphocytes, thus
providing direct evidence for LLPC involvement in autoantibody
production (221). Moreover, the presence of GCs in the thymus
of early onset AChR MG patients underscores the ability to
produce LLPCs (222). Of note, such thymic hyperplasia is not
present in MuSK MG (263). The ability of thymic cells to
produce AChR autoantibodies is well documented with
different approaches (221, 223–225) and the contribution of
LLPCs to this production is based on indirect observations,
such as the absence of HLA-DR expression of some ASCs
(225). Thymic ASCs can potentially survive in the thymus
through constitutive stimulation by autoreactive T cells, and
AChR-specific T cells have been found in the periphery of MG
patients (264). In MuSK MG, evidence points to the presence of
antigen-specific ASCs within the peripheral SLPB compartment.
First, cultures of CD3- CD14- CD19med/+ IgD- CD27hi CD38hi

SLPBs from the peripheral blood of MuSK MG patients
produced MuSK autoantibodies (226). Second, IgG4 and IgG3
MuSK-specific monoclonal autoantibodies were able to be
produced from the CD3- CD14- CD19med/+ IgD- CD27hi

CD38hi SLPB fraction with the use of complementary single-
cell sorting strategies (213, 226, 265). While this evidence for the
presence of MuSK-specific SLPBs in MuSK MG is strong, the
presence of MuSK-specific LLPCs cannot be excluded. Taken
together, data point to autoantibody production that relies more
on SLPBs in the predominantly IgG4 MuSK MG than in the
predominantly IgG1 AChR MG, where the presence of antigen-
specific LLPCs is well documented.
AQUAPORIN-4 NEUROMYELITIS OPTICA
SPECTRUM DISORDER

In NMO and NMOSD with IgG1 autoantibodies against
aquaporin-4, rituximab has demonstrated remarkable clinical
efficacy (229, 230). Titer response to B cell depletion with
rituximab, however, has been variable. In a report about three
patients, rituximab infusions led to parallel decreases in CD19+

count and AQP4 autoantibody titer. The response did not lead to
total eradication of autoantibodies and was not particularly
prolonged, since titers increased again along with CD19+ B
cells after approximately one to one-and-a-half years later
(227). This pattern was corroborated in a single patient where
Frontiers in Immunology | www.frontiersin.org 8117
AQP4 antibodies were tested in nine different centers for
validation purposes (266). In subsequent reports, titers for
seven to thirteen patients were reported as a function of time,
and responses to rituximab were mixed: autoantibody titers were
refractory to rituximab in some patients, dropping in response to
rituximab in others, and autoantibodies were beneath the level of
detection in a third group (229, 230). A further study of the titers
of five AQP4+ patients demonstrated a transient and incomplete
response of titers to rituximab in three patients and a complete
lack of response in the remaining two (228). Collectively these
data point to variable titer responses and therefore to the
presence of both AQP4-specific SLPBs and LLPCs.

Cellular approaches, both histopathological and ex vivo bulk
and single-cell, have added important pieces of information on
the nature of ASCs. First, biopsy and autopsy CNS studies have
shown (i) perivascular B cells to a varying degree in addition to T
cells (231, 267, 268); (ii) perivascular CD138+ cell infiltrates in one
patient (232); and (iii) IL-6 transcripts in another patient (269).
Second, peripheral blood CD19+ CD27hi CD38hi SLPBs were
shown to increase in AQP4 autoantibody-positive NMO patients,
more so during relapses. Importantly, these cells were able to
produce AQP4 autoantibodies when cultured in the presence of
IL-6, a cytokine also known to be increased in NMO relapses
(270). These results were not reproducible in a follow up study,
but it employed frozen cells, which could have impacted the
viability of ASCs (234). Third, in a study of single CSF B cells from
an early NMO patient, 3.7% of the CSF lymphocyte population
was CD19+ CD138– B cells, and 0.9% were CD138+ ASCs; most of
the CD138+ CSF ASCs (70.5%) were CD19+ CD138+ SLPBs, the
rest were CD138+.CD19- LLPCs. Production of monoclonal
antibodies from these mostly IgG1 (and rarely IgG2) CD138+

SLPBs or LLPCs demonstrated AQP4 specificity and somatic
mutations (235). Moreover, AQP4 CSF SLPBs were found to be
clonally related to peripheral plasmablasts as well as peripheral
memory cells (271, 272). Of note, the involvement of IL-6, a
cytokine that promotes GC formation as well as ASC survival, is
further supported by the use of the anti-IL-6 receptor antibody
tocilizumab in rituximab-resistant, aggressive cases of NMO
(273). Interestingly, treatment of an AQP4 NMO patient with
tocilizumab led to reduction in the frequency of CD19int CD27hi

CD38hi SLPBs and anti-AQP4 antibody titer within one month of
treatment (274). Taken together, data from serological and
cellular approaches support a role for both short- and long-
lived ASCs in AQP4 NMOSD pathology.
MYELIN-OLIGODENDROCYTE
GLYCOPROTEIN ANTIBODY DISEASE

The pathological roles of anti-MOG IgG1 antibodies are not fully
understood, and some MOG antibody disease (MOGAD)
patients exhibit high titers of autoantibodies with pathogenic
properties, while other patients—along with healthy and disease
controls—exhibit lower titers (275, 276). Of note and in contrast
to AQP4 NMOSD, clinical response of MOGAD patients to
rituximab is modest, with up to a third of patients relapsing
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despite full depletion of peripheral B cells (236, 277–279).
Currently there are no reliable predictors of inadequate
response to rituximab in MOGAD patients, and the post-
rituximab pattern of memory B-cell compartment population
did not differ between responders and non-responders (236). In a
case series of 16 MOGAD patients who received rituximab, mean
fluorescence intensity (MFI) in the flow cytometric autoantibody
detection cell-based assay decreased in most patients, while
MOG antibodies remained detectable, which suggests a role for
both SLPBs and LLPCs in MOG-IgG production (236). Of note,
MFI could be viewed as a correlate of autoantibody titer. In
pathological investigations, CD20+ B cells have been identified in
the brain of MOGAD patients (237). Moreover, unlike patients
with AQP4-NMOSD, where SLPBs were elevated, peripheral
blood SLPBs were not elevated in the active phase of MOGAD
patients (238). Taken together, serological and cellular data point
to the presence of a mixed (both short- and long-lived)
population of MOG autoantibody-secreting cells.
NMDAR ENCEPHALITIS

Antibodies against the N‐methyl‐d‐aspartate receptor (NMDAR)
are predominately of the IgG1 subclass (280). Patients with
NMDAR encephalitis generally respond to rituximab, and in one
case titers were undetectable post-treatment (152, 239, 280–282). In
an effort to enhance the effect of rituximab induction treatment, two
non-randomized trials observed clinical benefit from repeated
monthly dosing of rituximab in addition to induction dosing
(283); and the addition of tocilizumab to rituximab (240). Several
investigations of cellular immunopathology have been applied in
NMDAR encephalitis. First, a histopathological study of autopsy
and biopsy material revealed the presence of B cells and CD138+

cells in perivascular regions and interstitial spaces that could provide
a local source of antibody production, as well as the presence of T
cells and the absence of complement deposits and neuronal loss
(153, 160, 162, 241). Moreover, a histopathological study of
teratomas (seen in 20% of patients with NMDAR encephalitis)
has shown GC-like structures harboring CD3+ T cells, CD20+ B
cells, CD19+ CD27hi CD38hi SLPBs, and CD20- CD138+ plasma
cells (284, 285). Importantly, NR1 NMDAR subunit expression was
high in teratoma B cells, and teratoma-derived lymphocytes were
able to produce NMDAR autoantibodies when stimulated
in culture.

Two studies analyzed the intrathecal cellular response in
NMDAR encephalitis with the use of flow cytometric cell sorting
and construction of monoclonal antibodies from single cells (241,
243). Cells that were NMDAR-specific were identified as IgG3 CD3-

CD14- CD16- CD20+ IgD- CD27+ memory B cells, IgG1 and IgG2
CD3- CD14- CD16- CD27+ CD38+ ASCs (could be both SLPBs or
LLPCs) (243) and CD19+ CD138+ SLPBs (241). NMDA specificity
was associated in most, but not all, cases with somatic mutations,
which indicates some degree of affinity maturation. Interestingly,
CD19+ CD138+ SLPBs disappeared from the CSF after
immunotherapy with methylprednisolone, mycophenolate and
azathioprine (241). These collective data suggest involvement of
Frontiers in Immunology | www.frontiersin.org 9118
IgG1, IgG2, and IgG3, both SLPBs and LLPCs, in the production of
the pathogenic NMDAR autoantibodies.
IgLON5 DISEASE

In IgLON5 disease, patients harbor autoantibodies of all four IgG
subclasses, with some studies reporting a predominance of IgG4
and others of both IgG1 and IgG4 (163, 164, 286–288). In vitro
experiments have shown that IgG1 (not IgG4) antibody binding
to IgLON5 results in protein internalization and an overall
decrease of neuron surface IgLON5 levels. This was not
reversed when IgLON5 antibodies were removed, thereby
suggesting permanent destruction of the protein’s biological
function (286). In accordance, clinical data demonstrate better
effectiveness of early compared to late immunotherapy (164,
288–290). Different series report rituximab use in 5–80% of
IgLON5 patients (163–165, 288, 289, 291), and the response rate
was calculated by a recent meta-analysis at 37.5% (292). More
insight is needed about whether this variable response to
rituximab is associated to the depletion of certain subclasses
and whether prompt administration positively impacts patient
outcome. In isolated cases where brain pathology was performed,
few brain-infiltrating B cells were detected and no CD138
staining was reported (166, 244, 245).
AUTOIMMUNE ENCEPHALITIS WITH
LGI1 AUTOANTIBODIES

Leucine-rich glioma-inactivated protein 1 (LGI1) antibodies are
mainly of IgG4 subclass (168). A study of rituximab treatment in
six patients with LGI1 encephalitis resulted in clear improvement
in only two patients. However, the treatment might have been
applied too late in the course of the disease in refractory cases
(247, 293). The response of autoantibody titers though was a
marked reduction in all cases but one, where the decline was
mild. These data are in agreement with titer responses in other
IgG4 autoantibody-mediated disorders. Immunopathology
studies in brain samples from human patients and cats with
LGI1 encephalitis indicate participation of CD20+ B cells in CNS
inflammatory infiltrates, as well as marked IgG and complement
deposition (162, 294). The presence of complement deposition
points to the putative role of other, coexisting, non-IgG4
antibodies as complement activating factors, or alternatively,
points to the ability of IgG4 antibodies to mobilize
complement despite classical views, possibly via altered IgG4
glycosylation and the lectin pathway (295–299), or IgG4
aggregation (79).

Single-cell approaches from the CSF of patients with long-
lasting progressive LGI1 encephalitis identified IgG1, IgG2, and
IgG4, LGI1-specific CD3- CD14- CD16- CD20+ CD27+ memory
B cells and CD3- CD14- CD16- CD138+ ASCs (could be both
SLPBs or LLPCs); V gene sequences of the LGI1-specific B cells
were mutated (248). In a separate study, application of BCR NGS
on both sides of the blood-brain barrier provided strong evidence
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in favor of GC reactions within the CNS. However, this was not
shown for LGI1-specific B cells (300). Taken together, the
serological evidence points to a predominance of short-lived
LGI1 autoantibody-producing cells over LLPCs, while cellular
data are not conclusive for the presence of a particular cell type.

Chronic inflammatory demyelinating
polyradiculoneuropathy
In CIDP with predominantly IgG4 autoantibodies against the
paranodal components neurofascin-155 (NF155), contactin-1, or
contactin-associated protein 1 (Caspr1), rituximab has been
applied to corticosteroid and IVIg-refractory cases (249).
Albeit limited by the low N given the rarity of the disease,
antibody titers dropped significantly and rapidly in two patients
(one with NF155 and one with contactin1 autoantibodies) after
rituximab treatment, which correlated with marked clinical
improvement. In a third patient (with NF155 autoantibodies),
titers dropped but remained high, and a second rituximab
infusion was required, after which autoantibodies were
undetectable. In a larger cohort of 13 patients (8 with NF155
and 5 with contactin1 antibodies), rituximab administration
resulted in a dramatic reduction of autoantibody titer that
correlated with clinical improvement (250). One further study
reported on titer drop (from 1:32,000 to 1:4,000) and clinical
improvement after rituximab administration in a NF155 patient,
even though the titers remained high (301). These studies
provide evidence for a similar pattern of response in
autoantibody-mediated CIDP that resembles MuSK MG.
OTHER AUTOANTIBODY-MEDIATED
ENCEPHALITIS SYNDROMES

In progressive encephalopathy with rigidity and myoclonus
(PERM), where IgG1 autoantibodies against the glycine
receptor have been found, rituximab has been associated with
some improvement and lack of relapse (155, 302). In encephalitis
with predominantly IgG1 autoantibodies against the GABA-B
receptor (191), both partial and full response to rituximab have
been noted in two patients (303). In encephalitis with
predominantly IgG1 autoantibodies against the GABA-A
receptor (187), rituximab has been administered (189), and a
range of responses from full recovery to death has been
documented (188, 304). Of interest, in a study of three patients
with GABA-B encephalitis, CD19+ CD138+ SLPBs were seen in
the CSF, along with CD138+ cells (that could be SLPBs or LLPCs)
perivascularly in the brain parenchyma (254).

In dipeptidyl-peptidase-like protein-6 (DPPX) encephalitis,
autoantibodies are of both the IgG1 and IgG4 subclass, but
pathogenicity might be linked to IgG1 and its cross-linking
functions (195, 196). In contactin-associated protein-2 (caspr2)
encephalitis, autoantibodies are predominantly of the IgG4
subclass (170). In a metabotropic glutamate receptor type 5
(mGluR) encephalitis case series of 11 patients (199),
autoantibodies were predominantly IgG1, but the co-existence of
IgG1 with IgG4 autoantibodies has been noted in one case (253).
Frontiers in Immunology | www.frontiersin.org 10119
Autoantibody titer data in response to rituximab treatment are
available in all three disorders. In DPPX encephalitis, a significant
clinical response to rituximab (195, 305) along with titer reduction
(251) has been observed. In caspr2 encephalitis, a dramatic
improvement along with autoantibody elimination has been
observed (252), however post rituximab relapse has also been
noted (306). Favorable clinical response to rituximab in Caspr2
encephalitis has furtherbeenobserved in larger case series (170, 307).
In mGluR encephalitis, rituximab has been associated with an
improved course in two patients with IgG1 and IgG3
autoantibodies (199), with relapse upon rituximab discontinuation
in a patient where the subclass was not specified (308), and with
significant improvement along with titer reduction in a patient who
originally harbored IgG1 and IgG4 autoantibodies (253). Overall,
both clinical and titer responses seemtobemore favorable in the case
of IgG4 autoantibodies as in the case of Caspr2, and good responses
in caseswith IgG1 andmixed subclass autoantibodies have also been
frequently noted; however, the limited number of patients given the
rarity of the syndromesmakes general conclusions difficult to draw.
NON-NEUROLOGICAL AUTOIMMUNE
DISORDERS ASSOCIATED WITH
IGG4 AUTOANTIBODIES

The paradigm we discuss for neurological diseases associated with
or mediated by predominantly IgG4 autoantibodies is not
confined to the nervous system. CD20+ B cell depletion therapy
has been applied in a plethora of non-neurological diseases
associated with IgG4 autoantibodies such as pemphigus vulgaris
(PV), membranous nephropathy (MN), and thrombotic
thrombocytopenic purpura (TTP). In all these diseases, B cell
depletion has resulted in marked clinical improvement and rapid
decrease in autoantibody titers, similar to IgG4 autoantibody-
mediated neurological disorders (309–313). A specific mention
should be given to PV, which was the first autoimmune disease
described as predominantly IgG4 autoantibody-mediated and has
been extensively studied. High quality data from a prospective,
multicenter, open-label, randomized trial of continued rituximab
administration in PV demonstrated complete and sustained
remission at the end of the second year of follow-up in 89% of
46 patients who received rituximab; rapid normalization of anti-
desmoglein-3 (DSG-3) antibody titers post B cell depletion was
also shown, thereby underscoring the short-lived nature of ASCs
producing anti-DSG-3 autoantibodies (314, 315). In TTP,
rituximab induction therapy of 40 patients resulted in a rapid
and sustained recovery of platelet counts and, in parallel, a rapid
and sustained decrease of pathogenic, predominantly IgG4 anti-
A disintegrin and metalloproteinase with thromboSpondin‐1
motifs; 13th member of the family (ADAMTS13) autoantibody
titers (310). In membranous nephropathy, rituximab
administration resulted in significant decline or disappearance
of the predominantly IgG4 (likely pathogenic) autoantibodies
against phospholipase A2 receptor in 68% of 35 patients within 12
months, correlating with partial or complete clinical remission
(311). Taken together, these studies show that the short-lived
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nature of autoantibody-secreting cells (as evidenced by post-
rituximab autoantibody titer data) in diseases associated with
IgG4 autoantibodies is not a phenomenon restricted to the
nervous system.
DISCUSSION

When collectively examining the titer of pathogenic autoantibodies
against extracellular antigens (or correlates of an antibody titer on a
flow cytometric cell-based assay like MFI), one can conclude that in
disorders where IgG4 autoantibodies are prevalent, there is a
marked decrease post-rituximab administration. This is the case
in MuSK MG, in CIDP with antibodies against NF155 or
contactin1, and in autoimmune encephalitis with LGI1 or Caspr2
antibodies, and also extends beyond the nervous system to disorders
such as PV, TTP and MN. This is a clear indication that in these
diseases, autoantigen-specific ASCs are short-lived. Further,
decreases in post-rituximab titers are seen in disorders where
IgG1 and IgG4 autoantibodies coexist, such as DPPX and
mGluR5 encephalitis. In disorders where IgG1 autoantibodies are
prevalent, rituximab treatment affects a variable titer response,
meaning that in some patients, titers are refractory, in some
patients, titers mildly decline, and in other patients the reduction
of titer or MFI is more pronounced. This variable response is noted
in both AChRMG and AQP4NMO andNMOSD, but inMOGAD
MFI decrease seems to be consistent. These results point to the
presence of antigen-specific LLPCs in a significant number of
patients harboring IgG1 autoantibodies, but also the presence of
SLPBs. It should be noted that these studies are complicated by the
fact that the disorders in question are rare and therefore the N is
low. Moreover, titers are not systematically recorded pre- and post-
rituximab. As titers offer valuable information about treatment
responses, every effort should be made to record titers
more frequently.

When collectively interpreting data from experiments that more
directly examine autoantigen-specific ASCs, one can conclude that
in disorders with IgG4 autoantibodies, the presence of LLPCs is not
definitively shown. In MuSK MG, peripheral blood antigen-specific
ASCs have been shown to have a SLPB phenotype, whereas in LGI1
encephalitis, CSF antigen-specific ASCs can express CD138.
However, it was not specified whether these cells retain CD19
expression. Therefore, these cells could be either SLPBs or LLPCs,
which means that the presence of some LLPCs in IgG4-mediated
disorders cannot be excluded. In contrast, in diseases with IgG1
autoantibodies there is more definitive evidence for the presence of
LLPCs. In AChR MG, production of autoantibodies from bone
marrow cells and the presence of thymic GCs and HLA-DRlow

antigen-specific cells all point to the existence and ability to generate
autoantigen-specific LLPCs. In NMDAR encephalitis, the presence
of GC-like structures and CD20- CD138+ ASCs in ovarian
teratomas also point to the existence of and ability to produce
LLPCs. Moreover, CD138+ ASCs have been observed in the CNS
and the CSF of AQP4 NMOSD, NMDAR and GABA-B
encephalitis patients, and in the case of AQP4 and NMDAR, the
antigen specificity of the CSF ASCs was demonstrated.
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Unfortunately, and similarly to the case of the IgG4 LGI1
encephalitis, a clear absence of CD19/CD20 staining and
negativity prevents the definitive characterization of these cells as
LLPCs. In such instances, use of an additional flow cytometric
marker in combination with index sorting and the use of an
additional immunohistochemical stain would permit capture of
this mechanistically valuable piece of information.

In conclusion, it seems that the paradigm of the predominantly
IgG4 MuSK and predominantly IgG1 AChR MG can be
extrapolated to other autoimmune neurological (and non-
neurological) disorders. Moreover, in disorders with IgG1
autoantibodies, the generation of antigen-specific LLPCs seems to
occur to a greater extent as compared to IgG4 disorders. It should be
noted, however, that a significant degree of variability exists and that
both antigen-specific LLPCs can be generated in some patients with
IgG4 autoantibody-mediated disorders, and SLPBs—perhaps more
frequently—can be significant producers of autoantibodies in some
patients with IgG1 disorders. Variability in relation to the nature of
autoantibody-producing cells could also occur at different times in
the same patient. This variability underscores the need for
personalized medical approaches. Exceptions aside, a generally
reduced ability to establish LLPCs in IgG4 responses is strongly
supported by immunological observations on the longevity of ACSs
from the field of allergy (both in humans and animal models) and
IgG4-related disease. It could be the case that IgG4 autoantibody-
mediated autoimmunity constitutes a mainly extrafollicular
response, but follicular hyperplasia (in the absence of pathogenic
antigen-specificity) has been observed in IgG4-RD (316). The
tendency to generate predominantly IgG1 or IgG4 autoimmune
responses may stem fromHLA and/or non-HLA genetic differences
(317, 318), but incomplete GWAS data (due to disease rarity) would
have to be complemented by functional studies to better support
such an argument. On the other hand, many aspects of IgG1 and
IgG4 autoimmunity are similar, such as B cell tolerance defects
resulting in autoreactive naïve B cells (234, 319–321) and T cell-
assisted autoantigen affinity maturation, as evidenced by the
presence of somatic mutations in most ASCs. In further support
of the role of T cell help, autoreactive T cells have been observed in
both IgG1 and IgG4 autoantibody-mediated disorders (264,
322, 323).

Differences between IgG4 and IgG1 autoimmune responses
are not clinically trivial and can inform therapeutic decisions,
especially since IgG4 autoantibody pathology responds
impressively well to rituximab induction. More specifically, in
IgG4 autoantibody-mediated disorders, prompt induction with
rituximab 375 mg/m2 once a week for 4 to 6 weeks can result in a
long-lasting favorable response and is highly recommended. The
same induction can be applied in IgG1 disorders. It is important
to obtain a pre-rituximab baseline and a post-B cell depletion
autoantibody titer in all patients at regular intervals. In the case
of a persistence of high titers of either IgG1 or, less frequently,
IgG4 autoantibodies, which indicates the presence of LLPCs,
repeated rituximab (or other CD20-depleting drug) dosing can
be applied to enforce a deeper depletion of lymph node B cells
and prevent the formation of new LLPCs, while existing ones
slowly wane. An alternative strategy in such refractory cases is
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the administration of inebilizumab (or other CD19 depleting
drug), which would neutralize CD19+ CD20- ASCs that lie more
towards the LLPC end of the ASC spectrum, or the application of
daratumumab, an anti-CD38 agent more broadly targeting
LLPCs. In the case that follicular or extrafollicular reactions
within the CNS are suspected (e.g., based on advanced 7T MRI),
it would be reasonable to apply an agent that, in contrast to
monoclonal antibodies, can penetrate the blood-brain barrier
and target B cells, such as a Bruton tyrosine kinase inhibitor.
Finally, the application of new therapeutic avenues such as
blockade of B-T cell interaction (CD40L) or IL-4 in
polyrefractory cases warrants investigation. Ultimately and
ideally, all these novel approaches should be tested in clinical
trials prior to routine application.

Our review is not without limitations. First, many of the studies
we reference were biased by the use of other immunosuppressants
in addition to rituximab and did not have appropriate controls
groups, since it is extremely hard to perform randomized
controlled trials for rare disorders. Moreover, many of the
diseases are aggressive and life-threatening and justify use of
more than one immunosuppressant. Second, many of the studies
presented and discussed relied on peripheral blood samples,
which are easily accessible but not always representative of
immunopathological procedures within secondary lymphoid
organs or potential tertiary lymphoid structures within the CNS
and PNS.

Overall, the differences between IgG1 and IgG4 autoimmune
responses lead to many interesting new questions that could be
explored in future investigations. Is the IgG4 autoimmune
response a purely extrafollicular one? Can secondary or tertiary
lymphoid structures be located in IgG4 autoantibody-mediated
disorders? What are the different features of IgG1 and IgG4
Frontiers in Immunology | www.frontiersin.org 12121
response in the human lymph node? Does the memory cell
compartment differ in IgG1 and IgG4 disorders? Is chronic
antigenic stimulation necessary for emergence of autoimmunity
of the IgG4 type and if yes, is it amenable to tolerization
strategies? In IgG1 autoimmune responses, can LLPCs survive
in the brain as they do in the bone marrow, and if yes, how can
one target all LLPC niches therapeutically? Answering these
questions would involve a detailed investigation of IgG1 and
IgG4 differential maturation pathways in either extrafollicular
spaces or in GC and would improve our understanding of disease
mechanisms as well as facilitate development of new therapeutic
avenues. New concepts could involve drugs that target crucial
cellular interactions that are perceived to be responsible for B cell
differentiation and maturation—in particular the T cell and B cell
interaction, always keeping in mind that it is the aberrant and not
the physiological response that needs to be stopped.
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Background and Aims: Patients with decompensated HBV-related liver cirrhosis (HBV
D-LC) showed compromised immune responses, which manifested as a proneness to
develop infections and hyporesponsiveness to vaccines, resulting in accelerated disease
progression. The alterations in T cell-dependent B cell responses in this
pathophysiological process were not well understood. This study aimed to investigate T
cell-dependent B cell responses in this process and discuss the mechanism from the
perspective of metabolism.

Methods: Changes in phenotypes and subsets of peripheral B cells between HBV D-LC
patients and healthy controls (HCs) were compared by flow cytometry. Isolated B cells were
activatedbycoculturewithcirculatingT follicular (cTfh) cells.After coculture, the frequenciesof
plasmablasts and plasma cells and immunoglobin levels were analyzed. Oxidative
phosphorylation (OXPHOS) and glycolysis were analyzed by a Seahorse analyzer.
Mitochondrial function and the AKT/mTOR pathway were analyzed by flow cytometry.

Results: The proliferation and differentiation capacities of B cells after T cell stimulation were
impaired in D-LC. Furthermore, we found that B cells fromD-LCpatients showed reductions
in OXPHOS and glycolysis after activation, which may result from reduced glucose uptake,
mitochondrial dysfunction and attenuated activation of the AKT/mTOR pathway.

Conclusions: B cells from HBV D-LC patients showed dysfunctional energy metabolism
after T cell-dependent activation. Understanding the regulations of B cell metabolic pathway
and their changes may provide a new direction to rescue B cell hyporesponsiveness in
patients with HBV D-LC, preventing these patients be infected and improving sensitivity
to vaccines.
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org June 2021 | Volume 12 | Article 6603121131

https://www.frontiersin.org/articles/10.3389/fimmu.2021.660312/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.660312/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.660312/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.660312/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:zjuchenzhi@zju.edu.cn
mailto:zju_xulichen@zju.edu.cn
https://doi.org/10.3389/fimmu.2021.660312
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.660312
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.660312&domain=pdf&date_stamp=2021-06-23


Huang et al. Cirrhotic B-Cell Metabolic Dysfunction
HIGHLIGHTS

• B cell proliferation and differentiation were attenuated after T
cell-dependent activation in HBV-related cirrhosis.

• Metabolic impairment results in B cell dysfunction after
activation.

• Reduced activity of the AKT/mTOR pathway led to B cell
metabolic impairment.
INTRODUCTION

Cirrhosis is the end stage of all liver diseases and is the 14th most
common cause of death worldwide (1). Cirrhotic patients are
susceptible to bacterial infections, which may lead to acute
decompensation (AD) and acute-on-chronic liver failure
(ACLF), both of which are associated with high short-term
mortality (2, 3). In recent decades, cirrhosis has been viewed as
a multisystemic disease. Local and systemic inflammatory
changes in the body are closely linked to the progression of
disease. The immune dysfunction associated with cirrhosis starts
with the onset of chronic liver inflammation, becomes worse
with the development of portal hypertension, further deteriorates
due to gut bacterial translocation, and ultimately culminates in
immune paralysis in ACLF. However, the mechanisms of
impaired immunity in cirrhotic patients are complicated and
incompletely understood.

Immune dysfunction in cirrhosis involves both adaptive and
innate immunity. Innate immune dysfunction has been relatively
comprehensively investigated. To date, evidence has indicated
that monocyte/macrophage, neutrophil, eosinophil, basophil,
mastocyte, innate lymphoid cell, and mucosal-associated
invariant T (MAIT) cell alterations contribute to the
susceptibility of cirrhotic individuals to infection (4–6). Studies
have shown that macrophages and neutrophils in cirrhotic
patients have impaired antimicrobial functions, such as
decreased pathogen recognition by pattern recognition
receptors (PRRs) and attenuated phagocytosis, but high
secretion of proinflammatory cytokines (5, 7).

Investigations on the humoral immune response in cirrhosis,
which also plays vital roles in restricting pathogens, are limited.
The weak T cell-dependent B cell response in cirrhosis has long
been recognized. Cirrhotic patients with hepatitis A virus (HAV)
vaccination display reduced seroconversion percentages and
antibody titers (8). The response to HBV vaccination is
Abbreviations: ACLF, acute-on-chronic liver failure; AD, acute decompensation;
AM, active memory B cell; C-LC, compensated liver cirrhosis; cTfh, circulating T
follicular cell; D-LC, decompensated liver cirrhosis; ECAR, Extracellular
Acidification Rate; ELISA, enzyme linked immunosorbent assay; GLUT1,
glucose transporter 1; HAV, hepatitis A virus; HC, healthy control; IM,
intermediate memory B cell; MAIT, mucosal-associated invariant T; MMP,
mitochondrial membrane potential; MZB, marginal zone B cell; OCR, Oxygen
Consumption Rate; OXPHOS, oxygen phosphorylation; PAMP, pathogen
associated molecular patterns; PBMC, peripheral blood mononuclear cell; PRR,
pattern recognition receptor; RM, resting memory B cell; ROS, reactive oxygen
species; SEB, staphylococcal enterotoxin B; TLM, tissue-like memory B cell.
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reduced in patients with cirrhosis (9). A decrease in the CD27+

memory subgroup among cirrhotic B cells may contribute to this
effect (10). Regarding B cell functional changes after stimulation,
the conclusions were contradictory: one result showed that
activation of peripheral B cells in cirrhosis was attenuated after
CD40/TLR9 stimulation, manifesting as reductions in CD70
expression and IgG production (10), and the other result
demonstrated that cirrhotic B cells were prone to differentiate
into plasma cells and produce increased amounts of
immunoglobulins (11). Although the damaged humoral
response in cirrhosis has been confirmed, the mechanism and
B cell response after activation, especially the T cell-dependent B
cell response, remain to be further explored, as T cell help plays a
pivotal role in humoral immunity.

It is now understood that changes in B cells from resting to an
active state after stimulation require metabolic reprogramming,
which provides both fuel to meet the energy requirements of
highly active cells and intermediates for biosynthesis (12–14).
During metabolic reprogramming, both the level of oxidative
phosphorylation (OXPHOS) and glycolysis are increased,
demonstrating their crucial roles in B cell activation (12, 13).
The expression of glucose transporter 1 (GLUT1), a membrane
glucose transporter, and glucose uptake were also increased in
activated B cells (12, 15).

As cellular metabolism contributes significantly to
lymphocyte development and activation (16), we hypothesized
that alterations in metabolic patterns and reductions in energy
supply may play pivotal roles in B cell hyporesponsiveness after
activation by T cells. To test this hypothesis, we investigated the
proliferation and differentiation abilities of HBV D-LC B cells in
a Tfh cell helping model and further clarified the mechanisms of
B cell hyporesponsiveness after T cell-dependent activation from
an energy metabolism perspective.
MATERIALS AND METHODS

Study Subjects
In total, 132 patients with HBV-related cirrhosis were enrolled in
this study, including 114 decompensated liver cirrhosis (D-LC)
patients and 18 compensated liver cirrhosis (C-LC) patients.
Cirrhosis was diagnosed according to a liver biopsy, radiological
evidence and clinical findings, as previously described (17).
Cirrhotic patients who presented one or more symptoms of
ascites, hepatic encephalopathy or upper gastrointestinal
bleeding were defined as decompensated. The exclusion criteria
included the following: (1) cirrhosis caused by other etiologies,
(2) human immunodeficiency virus (HIV) infection, (3) cancer,
(4) immunosuppressive therapy (cytotoxic or corticosteroid
treatment), and (5) autoimmune diseases. Demographic and
clinical information are summarized in Table 1. Healthy
controls (HCs) matched by age and sex were recruited from
the Physical Examination Center at the same time. All subjects
were recruited from the First Affiliated Hospital, Zhejiang
University School of Medicine. Written informed consent was
obtained from individual subjects, and the experimental protocol
was approved by the Ethics Committee of the same hospital.
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Cell Isolation
Peripheral blood mononuclear cells (PBMCs) were isolated using
Ficoll density gradient centrifugation. CD19+ B cells, naïve B
cells (CD19+CD27-) and memory B cells (CD19+CD27+) were
directly isolated by magnetic microbeads separation kits. To
isolate circulating T follicular (cTfh) cells, CD4+ T cells were
negatively selected by magnetic microbeads isolation kit first, and
then the separated CD4+ T cells were incubated with PE-labeled
anti-CXCR5 antibodies and isolated with anti-PE magnetic
microbeads. cTfh cells were the positive population. All
isolation kits were purchased from Miltenyi Biotech and used
according to the user guide. The cell purity was assessed by flow
cytometry. Memory B cells and naïve B cells with purity >85%
were used in the following experiments, and other cells with
purity >90%. More details were shown in Supplementary
Methods and Supplementary Figure 1.

In Vitro T-B Cell Coculture System
Freshly isolated B cells (3 × 104/well) from HC or D-LC were
cocultured with allogeneic healthy cTfh cells (3 × 104/well) in the
presence of staphylococcal enterotoxin B (SEB) (50 ng/ml) for 6
or 9 d. In some experiments, B cells were pretreated with
everolimus (1 mM), PD98059 (10 mM), pimozide (7.5 mM) or
wortmannin (10 mM) for one day and then cocultured with cTfh
cells after the inhibitors were removed. The cells were analyzed
by flow cytometry, and the supernatants were collected for
immunoglobin analysis by a precoated enzyme-linked
immunosorbent assay (ELISA) kit (Multisciences).

Flow Cytometry
For surface staining, cells were stained with fluorescent-conjugated
Abs at room temperature for 15 min. For intracellular
phosphorylated protein staining, cells were stained with LIVE/
DEAD™ fixable dye (catalog 65-0865-14, eBioscience) at 4°C for
20 min, fixed with Cytofix™ fixation buffer (catalog 554655, BD
Bioscience) at 4°C for 20 min, permeabilized with
permeabilization buffer (catalog 00-5123-43, eBioscience) at 4°C
Frontiers in Immunology | www.frontiersin.org 3133
for 20 min, and then stained with fluorescent-conjugated Abs at
room temperature for 15 min. For Ki67 detection, cells were fixed
and permeabilized with Fixation/Permeabilization Concentrate
(catalog 00-5123-43, eBioscience) at 4°C for 30 min and then
stained with fluorescent-conjugated Abs at room temperature for
15 min. All analyses were carried out by a Fortessa (BD
Bioscience, Franklin Lakes, NJ). All Abs used are listed in
Supplementary Table 1.

B Cell Activation
In the B cell activation assay, freshly isolated B cells (8 × 104/well)
were activated for one day with anti-IgG and IgM Abs (Thermo
Fisher) (5 mg/ml) plus recombinant CD40L (Peprotech) (0.2 mg/
ml) or CPG-ODN 2006 (InvivoGen) (0.5 mg/ml) as a
second signal.

Seahorse Assays
Activated CD19+ B cells were washed twice, resuspended in XF
RPMI supplemented with 1 mM pyruvate, 2 mM L-glutamine
and 10 mM glucose, and plated at 1 × 105 per well on
extracellular flux assay plates (Agilent Technologies) precoated
with 22.4 mg/ml Cell-Tak (Corning). For the mitochondrial stress
analysis, the oxygen consumption rate (OCR) was measured
before and after the sequential addition of 1 mM oligomycin, 2
mM FCCP and 0.5 mM Rot/AA using a Seahorse XF96
extracellular flux analyzer (Agilent Technology). For the
glycolysis stress test, the extracellular acidification rate (ECAR)
was measured before and after the sequential addition of 10 mM
D-glucose, 1.5 mM oligomycin, and 50 mM 2-deoxyglucose.

Mitochondrial Function Analysis and
Glucose Uptake
Mitochondrial membrane potential was detected by JC-1
(Beyotime). Freshly isolated or after culture, B cells stained
with JC-1 working solution at 37°C for 20 min. 2NBDG
(Glpbio) (working concentration 25 mg/ml, incubating at 37°C
for 30 min) was used to assess glucose uptake by B cells.
TABLE 1 | The demographic and clinical characteristics of cirrhosis subjects.

Variables C-LC (n = 18) D-LC (n = 114)

Age (y) 56 (52–64.5) 54.5 (49–3)
Male/Female 9/9 85/29
Laboratory parameters
ALT (U/L) 19.0 (16.0–28.5) 22.0 (13.0–41.0)
AST (U/L) 27.0 (20.5–33.5) 39.0 (24.0–54.5)
TBIL (mmol/L) 12.4 (8.65–24.3) 26.9 (16.5–61.7)
INR n.a. 1.39 (1.21–1.56)
Creatinine (mmol/L) 69.0 (60.0–77.5) 71.0 (56.0–88.5)
Decompensation events
Ascites (%) 0(0) 78 (78.8)
Upper gastrointestinal hemorrhage (%) 0(0) 24 (24.2)
Hepatic encephalopathy (%) 0(0) 4 (4.0)
Severity score
MELD – 13.3 (10.3–17.0)
June 2021 | Volume 12
Data were shown as median (interquartile range) or case number.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin; INR, international normalized ratio; MELD, Model for End-Stage Liver Disease; n.a., not available.
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MitoSOX™ Red (Thermo Fisher) (working concentration 1 mM,
incubating at 37°C for 10 min) was used to measure
mitochondrial superoxide. MitoTracker™ Green (Thermo
Fisher) (working concentration 25 nM, incubating at 37°C for
30 min) was used to measure mitochondrial mass. After all the
staining, DAPI was used to exclude the dead cells. All parameters
were analyzed by flow cytometry.
Statistical Analysis
The flow cytometry results were analyzed by FlowJo 10.7.1 (BD
Bioscience) and were concatenated and analyzed using the
FlowJo plugins Downsample and tSNE according to the default
settings. GraphPad Prism 6.0 was used for all statistical analyses.
Nonnormally distributed data are presented as the median and
interquartile range and were analyzed by the Mann–Whitney U
test. Normally distributed data are shown as the mean ± SD and
Frontiers in Immunology | www.frontiersin.org 4134
were analyzed using Student’s t-tests. Differences were
considered significant at a two-sided p value ≤0.05.
RESULTS

Alterations in B Cell Subsets and
Chemokine Receptor Expression in
Decompensated Cirrhosis Patients
To examine B cell phenotypes in D-LC caused by HBV, we
performed flow cytometry using a panel of 11 markers (18)
(CD19, CD10, CD38, IgD, CD21, CD27, CCR7, CXCR3, CXCR4,
CXCR5, and IL-21R) and demonstrated the changes of B cell
subsets for the first time in HBV-associated advanced cirrhosis.
The gating strategy of this panel was shown in Supplementary
Figure 2. Representative figures after t-SNE calculations are shown
(Figure 1A). In detail, the percentages of naïve B cells and
A B
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FIGURE 1 | The subsets and phenotypic changes of CD19+ B cells in decompensated liver cirrhosis. (A) t-SNE projection of concatenated CD19+ B cells from HCs
and patients with C-LC and D-LC. (B) Relative abundance of B cell subgroups in HCs and patients with C-LC and D-LC. (C) Statistical analysis of B cell subgroup
changes between HCs and patients with C-LC and D-LC. (D) Statistical analysis of memory B cell subgroup changes between HCs and patients with C-LC and D-
LC. (E) The representative charts and statistical analysis of CXCR3+ B cell frequency in CD19+ B cells. (F) Statistical analysis of MFI of CXCR4, CXCR5, CCR7 and
IL-21R expression in CD19+ B cells in HCs and patients with C-LC and D-LC. The data are shown as the median. ns, no statistical significance. HC, n = 25; C-LC,
n = 18; D-LC, n = 35. *p <0.05; **p <0.01; ***p <0.001; and ****p <0.0001.
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plasmablasts showed an increasing trend from HCs, C-LC patients
to D-LC patients, while the percentages of marginal zone B cells and
memory B cells were decreased (Figures 1B, C). The ratio of
immature B cells did not change in the context of cirrhosis
(Figures 1B, C). According to the expression of CD21 and CD27,
memory B cells can be divided into active memory B cells (AMs,
CD21−CD27+), resting memory B cells (RMs, CD21+CD27+),
tissue-like memory B cells (TLMs, CD21−CD27−) and
intermediate memory B cells (IMs, CD21+CD27−) to show the
different maturation states (18). In D-LC patients, the distribution
was skewed toward TLMs and IMs, with a decrease in
RMs (Figure 1D).

As B cells should undergo chemotaxis to lymphocytic tissue to
undergo further activation after encountering antigens (Ags), which
could change the number and ratio of B cells and their subsets in the
periphery, we also examined the chemokine receptors CXCR3,
CXCR4, CXCR5, and CCR7. The percentage of CXCR3+ B cell
was decreased in D-LC CD19+ B cells compared with that in HCs
(Figure 1E). The expression of CXCR4 was decreased in C-LC
patients compared with HCs and D-LC patients, while there was no
difference between HCs and D-LC patients (Figure 1F). As for
CXCR5 and CCR7, the MFI of CXCR5 and CCR7 was not different
between HC, C-LC and D-LC (Figure 1F). The expression of the
cytokine receptor of IL-21 (IL-21R), which is the main cytokine
associated with B cell proliferation and differentiation, was also
analyzed, and there was no difference in D-LC patients in
comparison with HCs (Figure 1F).

B Cells From Decompensated Cirrhosis
Patients Have Attenuated Proliferation and
differentiation Abilities After T Cell-
Dependent Activation
The specific immune response of B cells requires the help of T
follicular cells and the formation of immune synapses. To mimic
the help of T follicular cells, we established an in vitro coculture
system in which B cells and cTfh cells were cultured in the
presence of SEB, which acted as a superantigen to join both cell
types. After 6 d of coculture, B cells from D-LC patients showed
impaired differentiation compared with those from HCs, with
reduced plasmablasts (CD38+CD27+) and plasma cells
(CD38+CD138+) both in percentages and counts (all p <0.01)
(Figure 2A). IgG, IgA, and IgM secreted into the supernatant
was also decreased in the D-LC group compared with the HC
group (all p <0.01) (Figure 2B). The number of total B cells after
6 d of coculture was also analyzed, and the D-LC group had a
significantly smaller number of B cells than the HC group
(Figure 2C), which suggested poor proliferation abilities of D-
LC patient B cells. Ki-67, a protein that is strictly associated with
cell proliferation, was further measured. D-LC B cells expressed
lower levels of Ki-67 both at baseline and after 6 d of coculture
(Figure 2D), which showed the attenuation of proliferation.

As shown in Figure 1B, D-LC patients had a lower percentage of
memory B cells and a higher ratio of naïve B cells than HCs. To
exclude this influence, sorted memory B cells and naïve B cells from
D-LC patients and HCs were cocultured separately with cTfh cells.
Consistent with total B cells, naïve B cells showed significantly lower
Frontiers in Immunology | www.frontiersin.org 5135
percentages and smaller numbers of both plasmablasts
(CD38+CD27+) and plasma cells (CD38+CD138+) after coculture
(Figure 3A). B cell secretion of IgG, IgA, and IgM into the
supernatant was also decreased in the D-LC group in comparison
with the HC group (Figure 3B). The total number of B cells from
D-LC patients was also reduced after coculture (Figure 3C). For
memory B cells, there was only a significant difference in the
percentage and number of plasmablasts (CD38+CD27+)
(Figure 3D) and IgM secretion (Figure 3E), not in the total
number of B cells (Figure 3F), which meant that the impairments
in memory B cell proliferation and differentiation in D-LC patients
was not as severe as those in naïve B cells.

Oxidative Phosphorylation and Glycolysis
Were Impaired in B Cells From
Decompensated Cirrhosis Patients After
T Cell-Dependent Activation
B cells undergo metabolic reprogramming upon activation, with a
profound increase in both oxidative phosphorylation (OXPHOS)
and glycolysis (12). Isolated B cells were activated with anti-IgG,
IgM, and CD40L or CPG OND 2006 was added as a second signal,
as different second signals showed different effects on B cells (15).
The basal and maximal respiration of unstimulated B cells was the
same betweenHCs andD-LC patients (Figure 4A). After activation,
the OCRs representing both basal and maximal respiration were
profoundly increased, but the OCR of D-LC B cells did not increase
much compared with that of HC B cells (Figure 4A). The spare
respiration capacity, which was important for cellular responses to
stress, was lower in D-LC B cells compared with HC B cells,
although there was only statistical significance in CD40L treated
group (Figure 4B). Regarding glycolysis, B cells from HCs and D-
LC patients showed the same ECAR levels at both baseline and after
activation (Figure 4C). When oligomycin was added to inhibit
OXPHOS and analyze glycolytic capacity, differences were
observed. B cells from D-LC patients showed obviously lower
ECAR levels before and after activation than those from HCs
(Figure 4C). The glycolytic reserve, which indicated the capability
of a cell to respond to glycolysis demand, was decreased in D-LC B
cells before and after activation (Figure 4D). This was in accordance
with the phenomenon that there were no differences in basal
glycolysis between HC and D-LC B cells but significant
differences in glycolytic capacity. Moreover, there was no
significant effect on the OCR or ECAR in response to different
second signals (Figures 4A, C).

Basal OCR and ECAR before and after activation are shown in
Figure 4E. The ratio of basal OCR/ECAR was also analyzed and was
reduced in D-LC B cells after activation (Figure 4F), which suggested
that OXPHOS was attenuated in D-LC B cells to a large extent.

Glucose Uptake and Mitochondrial
Function Were Impaired in B Cells From
Decompensated Cirrhosis Patients After
T Cell-Dependent Activation
We further examined B cell glucose uptake after 24 h activation
using 2-NBDG, as glucose is an important substrate in B cell
June 2021 | Volume 12 | Article 660312
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activation, and found that 2-NBDG levels in D-LC B cells were
significantly lower than those in HC B cells (Figure 5A).

Mitochondrial membrane potential (MMP) was also analyzed
with JC-1, and the results showed that activated B cells exhibited
a reduction in MMP, and the MMPs of B cells from D-LC
patients were significantly lower than those from HCs
(Figure 5B). As a normal MMP is essential for mitochondrial
ATP production (19), a decrease in MMP indicates impaired
OXPHOS in D-LC B cells, which was in accordance with the
reduction in OCR levels (Figure 4A).

It has been shown that increased reactive oxygen species
(ROS) cause mitochondrial oxidative stress, leading to
mitochondrial damage (20). Mitochondrial ROS was measured
Frontiers in Immunology | www.frontiersin.org 6136
using MitoSOX and showed that B cells from D-LC patients had
increased levels of mitochondrial ROS (Figure 5C).

Mitochondrial mass, which is another parameter that
represents mitochondrial function, was analyzed, but we did
not find any difference between D-LC B cells and HC B
cells (Figure 5D).

AKT/mTOR Pathway Changes in B Cells
From Decompensated Cirrhosis Patients
After T Cell-Dependent Activation
Because the AKT/mTOR pathway is the main signaling pathway
that regulates energy metabolism during B cell activation (21), B
cells were cocultured with cTfh cells, and the phosphorylation of
A

B

D

C

FIGURE 2 | Differentiation and proliferation of CD19+ B cells was impaired in D-LC. Freshly isolated CD19+ B cells from HCs and D-LC patients were cocultured
with healthy cTfh cells and treated with SEB for 6 d. (A) Representative flow cytometry graphs and bar charts show the percentages and numbers of plasmablasts
(CD38+CD27+) and plasma cells (CD38+CD138+) among CD19+ B cells. (B) The levels of IgA, IgG and IgM in the coculture supernatants. (C) The number of B cells
after coculture. (D) Ki-67 expression of CD19+ B cells before and after coculture. HC, n = 7; D-LC, n = 6. The data are shown as the median. *p <0.05; **p <0.01.
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AKT and mTOR was examined at baseline and on days 1, 3, and
5. In accordance with the previous results, the phosphorylation
of AKT and mTOR in D-LC B cells was also impaired in
comparison with that in HC B cells (Figures 6A, B).
Interestingly, the phosphorylation of S6 and 4EBP1 in B cells,
which are classic downstream molecules of the AKT/mTOR
signaling pathway (22), showed no difference between HCs
and D-LC patients (Figures 6C, D). Moreover, the levels of c-
Myc and HIF-1a, which are downstream molecules of mTOR,
were lower in D-LC B cells than in HC cells (Figures 6E, F).

Pretreatment of B Cells With mTOR
Pathway Inhibitors Could Inhibit B Cell
Differentiation and Proliferation After
T Cell-Dependent Activation
To verify the effect of the mTOR pathway on T cell-dependent
activation, B cells were pretreated with different small molecular
inhibitors for one day, after which the inhibitors were removed,
and cTfh cells and SEB were added and incubated for another 6 d
(Figure 7A). The inhibitors used were the mTOR inhibitor
everolimus, the MEK inhibitor PD98059, the STAT5 inhibitor
pimozide and the PI3K inhibitor wortmannin. The results
showed that B cells that were pretreated with everolimus or
Frontiers in Immunology | www.frontiersin.org 7137
wortmannin had the lowest percentages and numbers of
plasmablasts (CD38+CD27+) and the lowest IgA, IgG, and IgM
production (Figures 7B–D). According to the extent of
inhibition (Figure 7C), the numbers of B cells and
plasmablasts were almost zero, while the ratio of plasmablasts
was 1/2–1/3 that of the negative control. Inhibition of the mTOR
pathway may affect B cell survival and proliferation. The STAT5
inhibitor pimozide partially inhibited B cell proliferation and
differentiation after T cell-dependent activation (Figures 7B–D).
DISCUSSION

In this study, we provided an extensive description of the
phenotypes, proliferation ability and differentiation capacity of B
cells from patients with HBV D-LC after T cell-dependent
activation. The proliferation and differentiation capacities of D-
LC B cells was impaired after T cell-dependent activation.
Mechanistically, we found that B cells from D-LC patients had
reduced OXPHOS and glycolysis after activation, whichmay result
from reduced glucose uptake, mitochondrial dysfunction (reduced
MMP and increased mitochondrial ROS), and attenuated
activation of the AKT/mTOR pathway. Reductions in energy
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FIGURE 3 | Both naïve and memory B cells showed impaired differentiation after T cell-dependent activation in D-LC. Purified naïve B cells and memory B cells from
HCs and D-LC patients were cocultured with healthy cTfh cells in the presence of SEB for 9 or 6 d. Representative flow cytometry graphs and bar charts show the
percentages and numbers of plasmablasts (CD38+CD27+) and plasma cells (CD38+CD138+) among naïve B cells (A) and memory B cells (D). The levels of IgA, IgG
and IgM in the coculture supernatants of naïve B cells (B) and memory B cells (E). The numbers of naïve B cells (C) and memory B cells (F) after coculture are shown.
HC, n = 6; D-LC, n = 13 for (A–C). HC, n = 6; D-LC, n = 10 for (D–F). The data are shown as the median. ns, no statistical significance; *p <0.05; **p <0.01.
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metabolism play a critical role in B cell hyporesponsiveness upon
antigen-specific stimulation among patients with HBV D-LC.

B cells in HBV-related advanced cirrhosis had a lower
percentage of memory B cells, a higher ratio of plasmablasts and
an increased percentage of naïve B cells, which was in accordance
with the findings of other studies (10, 11). Memory B cells were
chronically activated in advanced cirrhosis, as memory B cells in
advanced cirrhosis were more easily activated by TLR9 plus
elevated PAMP levels in cirrhotic conditions (10, 11). Activated
memory B cells differentiate into short-lived antibody-secreting
plasmablasts, increasing the percentage of plasmablasts and the
consumption of memory B cells (23, 24). The ratio of naïve B cells
was therefore also increased. With regard to memory B cell
subgroups, TLMs were thought to be an exhausted phenotype,
Frontiers in Immunology | www.frontiersin.org 8138
with increased expression of the inhibitory receptor Fc receptor-
like protein 4 (FCRL4) and impaired proliferation (25, 26). The
skew toward TLMs in memory B cells in HBV-related advanced
cirrhosis in our study suggested an attenuated immune response.
Apart from these cells, we also found that the percentage of
marginal zone B cells in D-LC patients was decreased. MZB
cells could be activated by polysaccharide from encapsulated
bacteria independent of T cells (27, 28) The decrease in MZB
cells may partially contribute to the susceptibility of
decompensated patients to pathogens. The cause of the decrease
in MZB cells was not clear. The increased level of bacterial
polysaccharides originating from the leaky gut in advanced
cirrhosis may lead to persistent MZB cell activation and
differentiation, reducing the cell number (4).
A

B D
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FIGURE 4 | CD19+ B cells showed impaired oxidative phosphorylation and glycolysis after T cell-dependent activation in D-LC. Isolated CD19+ B cells from HCs or
D-LC patients were cultured in medium alone or treated with anti-IgG,IgM Ab (5 mg/ml) and recombinant CD40L (0.2 mg/ml) or CPG-ODN 2006 (0.5 mg/ml) as a
second signal for one day. Then, the OCR was assessed using a Seahorse analyzer by the sequential addition of 1 mM oligomycin, 2 mM FCCP and 0.5 mM Rot/AA
(HC, n = 6; D-LC, n = 5) (A). Basal respiration was determined by OCR prior to addition of oligomycin minus OCR after Rot/AA injection, and maximal respiratory
capacity was determined by maximal OCR after FCCP injection subtracting OCR after Rot/AA injection. (B) Spare respiratory capacity, which is maximal respiratory
capacity minus basal respiration, represents cellular responses to stress. For the glycolysis stress test, ECAR was assessed before and after the sequential addition
of 10 mM D-glucose, 1.5 mM oligomycin, and 50 mM 2-deoxyglucose (HC, n = 8; D-LC, n = 9) (C). Basal glycolysis was determined by ECAR after addition of
glucose subtracting ECAR before glucose addition, and glycolytic capacity was calculated by ECAR after addition of oligomycin subtracting ECAR before glucose
addition. (D) Glycolytic reserve was glycolytic capacity minus basal glycolysis. (E) The energy phenotype at baseline or after activation is shown. (F) Basal OCR/basal
ECAR are shown. The data are shown as the median. ns, no statistical significance; *p <0.05; **p <0.01; and ***p <0.001.
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Peripheral B cells from both D-LC patients and HCs were
cocultured with cTfh cells and showed that B cells from D-LC
patients had impaired proliferation and differentiation abilities.
Isolated naïve B cells and memory B cells were cocultured with
cTfh cells, and the results were consistent with the total B cells,
which suggested that the proliferation and differentiation
abilities of both naïve and memory subsets were severely
influenced. Therefore, the total B cells from D-LC patients
showed impaired proliferation and differentiation abilities after
activation, not only owing to the lower percentage of memory B
cells in D-LC, which was more quickly and robustly to
proliferation and differentiation than naïve B cells after
activation, but also owing to metabolic abnormal.
Frontiers in Immunology | www.frontiersin.org 9139
Metabolic processes shape immune cell function. Glycolysis is
important in IL-4-mediated B cell survival (29). Metabolic
reprogramming after B cell activation is important in cell
survival, proliferation, differentiation and immunoglobin
secretion (12, 29–31). Our findings indicated that B cells from
D-LC patients exhibited reduced levels of OXPHOS and
glycolysis after IgM activation. Generally, in activated cells,
glycolysis has received great attention, as glycolysis is highly
increased, and metabolites originating from glycolysis
compensate for the need for biosynthesis (30, 32). However,
OXPHOS provides 85% of the total ATP in activated PBMCs
(33), which suggests that OXPHOS is also inevitable. In addition,
B cells were shown to proportionally increase OXPHOS and
A

B

D

C

FIGURE 5 | CD19+ B cells showed mitochondrial dysfunction at baseline and after T cell-dependent activation in D-LC. Isolated CD19+ B cells from HCs or D-LC
patients were cultured in medium alone or treated with anti-IgG,IgM Ab (5 mg/ml) plus recombinant CD40L (0.2 mg/ml) or CPG-ODN 2006 (0.5 mg/ml) as a second
signal for one day. Then, the cells were analyzed by flow cytometry. Representative flow cytometry graphs and bar charts of 2NBDG uptake (HC, n = 6; D-LC, n = 4)
(A), JC-1 (HC, n = 6; D-LC, n = 6) (B), MitoSOX red (HC, n = 11; D-LC, n = 10) (C) and MitoTracker green (HC, n = 6; D-LC, n = 7) (D) are shown. The data are
shown as the median. ns, no statistical significance; *p <0.05.
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glycolysis after activation compared with that of T cells (12). This
finding indicated that OXPHOS also played an important role at
the onset of B cell activation. Regarding the metabolic
phenotype, the ratio of OCR/ECAR was reduced in D-LC
patients, which indicated that the impairment in OXPHOS was
more severe than that in glycolysis, and impaired OXPHOS also
led to D-LC B cell dysfunction after activation.

The mTOR pathway has emerged as a critical integrator that
receives environmental cues and regulates multiple cellular processes
(34). Among these processes are autophagy, glucose uptake and
consumption (glycolysis) and the control of protein and lipid
synthesis, all of which are central during immune cell activation
(34, 35). The activity of mTOR and its upstream factor AKT was
attenuated in D-LC B cells after activation. Unexpectedly, the
phosphorylation of 4EBP1 and S6, which are effectors downstream
of the mTOR pathway, was not changed in D-LC B cells.
Frontiers in Immunology | www.frontiersin.org 10140
In addition to 4EBP1 and S6, mTOR can influence cell death,
the CD4+ T cell immune response and T cell metabolism by
regulating c-Myc and HIF-1a (36–38). c-Myc and HIF-1a are
two main regulators of T cell and B cell metabolism, especially
glycolysis and glucose uptake (12, 39, 40). HIF-1a regulates the
expression of enzymes in the glycolytic pathway, as well as the
expression of the glucose transporters GLUT1 and GLUT3,
which mediate cellular glucose uptake. In addition to glucose
metabolism, c-Myc also regulates glutaminolysis, an important
metabolic process in lymphocyte activation (40). In the present
study, the expression of c-Myc and HIF-1a was decreased in D-
LC B cells after activation, which indicated that the metabolic
impairment after B cell activation was due to c-Myc and HIF-1a
downregulation. This result suggested that upon D-LC B cell
activation, mTOR functioned via crosstalk with c-Myc and HIF-
1a. In summary, impaired AkT/mTOR pathway activity may
A B

D E F

C

FIGURE 6 | mTOR activity in CD19+ B cells was inhibited after T cell-dependent activation in D-LC. CD19+ B cells from HCs or D-LC patients were cocultured with
cTfh cells. The expression of p-AKT (HC, n = 7; D-LC, n = 6) (A), p-mTOR (HC, n = 7; D-LC, n = 6) (B), p-4EBP1 (HC, n = 6; D-LC, n = 5) (C), p-S6 (HC, n = 6; D-
LC, n = 5) (D), c-Myc (HC, n = 7; D-LC, n = 1) (E) and HIF-1a (HC, n = 6; D-LC, n = 6) (F) was analyzed by flow cytometry. The data are shown as the median
(interquartile range). *p <0.05; **p <0.01; ***p < 0.001.
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influence cirrhotic B cell metabolism after activation by
inhibiting c-Myc and HIF-1a expression.

There were some limitations in this study. First, the enrolled
patients all had advanced HBV-related cirrhosis, and cirrhosis
caused by other etiologies still needs to be investigated. Because
all cirrhotic patients showed cirrhosis-associated immune
dysfunction, as indicated by increased levels of inflammatory
cytokines and immunodeficiency regardless of etiology (4), we
may infer that B cells from patients with decompensated cirrhosis
caused by other etiologies will show the same conditions as those
from patients with HBV-related cirrhosis. Second, although we
explained the attenuation of cirrhotic B cell function from an energy
metabolism perspective, we only examined changes in
mitochondrial dysfunction and the expression of the main
molecular signals, and the cause and detailed regulatory
mechanisms are still unknown. As there are many pathogen-
Frontiers in Immunology | www.frontiersin.org 11141
associated molecular patterns (PAMPs) and inflammatory
cytokines in advanced cirrhosis that cause dysfunction in many
other immune cells (4), we should investigate whether PAMPs or
cytokines lead to B cell energy metabolism dysfunction. Third,
mitochondrial dysfunction was examined, and the reduced MMP
and increased ROS levels contributed to OCR. However, the
causality between mitochondrial dysfunction and the mTOR
pathway has not been elucidated. Fourth, the clone of anti-CD27
antibody used in naïve B and memory B isolation purity detecting
was M-T271, which was not suggested in the isolation purity
checking, as this clone was the one which was conjugated to the
microbeads to do the isolation procedure. This may be the reason
for the lower naïve B andmemory B isolation purity when detecting
by flow cytometry.

Taken together, these data support the hypothesis that B cells
from patients with HBV D-LC show impaired proliferation and
A B

D

C

FIGURE 7 | Blocking the mTOR pathway inhibited CD19+ B cell differentiation. Isolated healthy CD19+ B cells were pretreated with everolimus (1 mM), PD98059 (10
mM), pimozide (7.5 mM) or wortmannin (10 mM) for one day and then cocultured with cTfh cells after the inhibitors were removed (A). Representative flow cytometry
graphs (B) and bar charts (C) show the percentage and number of plasmablasts (CD38+CD27+) among CD19+ B cells. (D) The levels of IgA, IgG and IgM in
coculture supernatants. The data are shown as the median. *p <0.05; ***p <0.001; and ****p <0.0001.
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differentiation after T cell-dependent activation and that this
dysfunction occurs because of attenuated increases in OXPHOS
and glycolysis after activation, which originated frommitochondrial
dysfunction and reduced activity of the main regulatory molecules.
Understanding the regulations of B cell metabolic pathway and their
changes may provide a new direction to rescue B cell
hyporesponsiveness in patients with HBV D-LC, preventing these
patients be infected and improving sensitivity to vaccines.
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Supplementary Figure 1 | The purity assessment of objective cells before,
during and after isolation by flow cytometry. (A) The representative chart of purity
assessment of cTfh cells. (B) The representative chart of purity assessment of
positive selection for CD19+ cells. (C) The representative chart of purity assessment
of naïve B cells and memory B cells.

Supplementary Figure 2 | Flow cytometry gating strategy of B cell subsets.
(A) Lymphocytes were firstly gated on a forward scatter (FSC) and side scatter
(SSC) plot and then gated based on FSC-H/FSC-A to exclude doublets. B cells
were defined as CD19 positive and then B cells were divided into CD10- and CD10+

subpopulations. In CD10+ subpopulation, transitional B cells were gated as
CD38+IgD+. In CD10- subpopulation, by CD38 and IgD, three groups could be
defined, unswitched B cells (CD38-IgD+), memory B cells (CD38-IgD-) and
plasmablasts (CD38highIgD-). The unswitched B cells can further divided into CD27+

marginal zone B cells and CD27- naïve B cells. Memory B cells were further divided
in four subsets based on their maturation state by expression patterns of CD21 and
CD27, active memory B cells (AMs, CD21-D27+), resting memory B cells (RMs,
CD21+CD27+), tissue-like memory B cells (TLMs, CD21-CD27-) and intermediate
memory B cells (IMs, CD21+CD27-). (B, C) The representative graphs of FMO stain
and full stain of CXCR3, CXCR4, CXCR5, CCR7, and IL-21R.

Supplemental Methods | Tfh cell isolation. At first, CD4+ T cells were negatively
sorted from PBMCs which were collected from healthy volunteers, using CD4+ T
cell isolation Kit (Miltenyi Biotec, cat:130096533). Specifically, PBMCs were firstly
incubated with Biotin-Antibody Cocktail (a cocktail of biotin-conjugated monoclonal
antibodies against CD8a, CD14, CD15, CD16, CD19, CD36, CD56, CD123, TcRg/
d, and CD235a), which can be conjugated with all the cells in PBMCs except CD4+

T cells. Then, MicroBead Cocktail (microbeads conjugated to monoclonal anti-
biotin antibody) was added. After incubation, PBMCs were passed through a
magnetic column. Collect the flow-through and the separated unlabeled CD4+ T
cells was in it. Then the selected CD4+ T cells were incubated with PE-labeled anti-
CXCR5 antibodies. After removing free antibodies, the CD4+ T cells subsequently
incubated microbeads conjugated to monoclonal anti-PE antibodies (Miltenyi
Biotec, cat: 130048801). The cell suspension finally went through a magnetic
column, and the microbeads labeled CXCR5+ Tfh cells were stay in the column.
Memory B cell and naïve B cell isolation. Memory B cell isolation kit (Miltenyi Biotec,
cat: 130093546) was used. First, the non–B cells in PBMCs were labeled with a
cocktail of biotin-conjugated antibodies (antibodies against CD2, CD14, CD16,
CD36, CD43, and CD235a). Second, anti-biotin monoclonal antibodies conjugated
to microbeads were added as a secondary labeling reagent. Third, the labeled cells
were depleted by magnetic column and unlabeled CD19+ B cells were separated.
The separated unlabeled CD19+ B were then directly labeled with microbeads
conjugated with anti-CD27 antibodies. The magnetic column was used to separate
the labeled CD27+ memory B cells and unlabeled CD27- naïve B cells.
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Diána Simon1*, Péter Balogh1, Szabina Erdő-Bonyár1, Katalin Böröcz1, Tünde Minier2,
László Czirják2 and Tı́mea Berki1

1 Department of Immunology and Biotechnology, Clinical Center, University of Pécs Medical School, Pécs, Hungary,
2 Department of Rheumatology and Immunology, Clinical Center, University of Pécs Medical School, Pécs, Hungary

Disease-associated, high-affinity pathological autoantibody production is a well-described
consequence of immune dysregulation affecting B cells in systemic sclerosis (SSc),
including the distribution of B-cell subsets. We have previously shown that the
increased relative frequency of CD19+CD27+IgD− switched memory B cells is
associated with the severe form of SSc. This study sought to analyze memory B cell
subsets using an extended range of markers for further subdivision based on CD19, IgD,
CD27, CD38 and CD95 phenotype, to define relationship between the alterations of
memory B cell subsets and the clinical features of SSc. Peripheral blood samples were
obtained from 21 SSc patients, including 14 diffuse (dcSSc) and 7 limited (lcSSc)
cutaneous SSc patients, with disease duration of 2.7 ( ± 1.6) years. After purification of
CD19+ B cells, multiparametric flow cytometry was performed and the frequencies of
CD19+IgD−CD27−CD38+ double negative (DN) 1, CD19+IgDloCD27+CD38+
unswitched, CD19+IgD−CD27+CD38+CD95− resting switched and CD19+IgD−
CD27+CD38−CD95+ activated switched memory (ASM) B cells were determined, and
correlated with clinical features of SSc. The dcSSc patients had a higher frequency of ASM
B cells (p = 0.028) compared to lcSSc patients. The percentage of ASM B cells was
elevated in anti-Scl-70 (anti-topoisomerase I) antibody positive patients compared to
negative patients (p = 0.016). Additionally, the frequency of ASM B cells was also
increased in patients with pulmonary fibrosis (p = 0.003) suggesting that patients with
severe form of SSc have higher ASM B cell ratios. Furthermore, the ratio of DN1 B cells
was decreased (p = 0.029), while the level of anti-citrate synthase IgG natural
autoantibody was elevated (p = 0.028) in patients with active disease. Our observations
on the increase of ASM B cells in dcSSc and in patients with pulmonary fibrosis may point
to the association of this alteration with the severe form of the disease. Functionally
the correlation of ASM B cells as effector memory-plasma cell precursors with
org June 2021 | Volume 12 | Article 6864831144
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anti-topoisomerase I antibody positivity could reflect their contribution to pathological
autoantibody production, whereas the decrease of memory precursor DN B cells and the
increase of anti-citrate synthase IgG autoantibody may have potential significance in the
assessment of disease activity.
Keywords: systemic sclerosis, B cells, switched memory B cells, DN B cells, dcSSc, disease activity, natural
autoantibodies, anti-topoisomerase I antibody
INTRODUCTION

Systemic sclerosis (SSc) is a connective tissue disease with
vascular damage and consequent ischemic–reperfusion injury
and multiorgan fibrosis (1). Immune dysregulation is one of the
hallmarks of SSc, which affects B cells, resulting in the production
of scleroderma-specific autoantibodies, secretion of pro-
inflammatory and pro-fibrotic cytokines. B cells can also
function as antigen-presenting cells to T cells and can modify
dendritic cell maturation to promote a pro-fibrotic Th2 response
(2). Although elevated naive and decreased memory B cells have
been reported in SSc patients compared to healthy individuals
(3, 4), chronic activation, clonal expansion and SSc-specific
antibody production of circulating memory B cells have been
described (5), and we have previously shown that the ratio of
activated memory B cells is higher in the peripheral blood of
patients with diffuse cutaneous SSc (dcSSc) compared to patients
with limited cutaneous SSc (lcSSc) (4). Memory B cells according
to their IgD expression could be resolved into CD19+CD27+
IgD− switched and CD19+CD27+IgD+ unswitched memory B
cell subsets (6). We reported a relative increase in the proportion
of switched memory B cells in the peripheral blood of patients
with the severe form of SSc (4). SSc patients with increased
percentage of CD21low B cells have recently been reported to
show elevated ratio of memory B cells, encompassing higher
proportions of CD27+IgM+, CD27+IgD− and CD27−IgD−
memory B cells. The percentage of CD21low B cells was
elevated in SSc patients with visceral vascular damage and
their increase was associated with the development of new
digital ulcers (7, 8).

In contrast to the above phenotyping scheme of blood B cells,
in human tonsils IgD and CD38 staining is used to resolve the B
cell composition into Bm1–Bm5 subsets, in which memory B cells
are defined as IgD−CD38± (6, 9). As the detailed phenotyping of B
cells has substantially evolved, additional markers have been
suggested for the identification of further memory B cell subsets,
but there is still no universal consensus on the phenotyping
strategy. However, using the core markers CD19, IgD, CD38,
CD27 and CD95 as an additional marker, CD19+IgD−CD27
−CD38+ double negative (DN) 1, CD19+IgDloCD27+CD38+
unswitched, CD19+IgD−CD27+CD38+CD95− resting switched
and CD19+IgD−CD27+CD38−CD95+ activated switched
memory (ASM) B cells can be determined (10).

In humans, switched memory B cells have the propensity to
differentiate into plasma cells upon reactivation (11). Based on
the lower frequency of somatic hypermutation and their shared
phenotype and transcriptome with switched memory B cells,
org 2145
DN1 cells are believed to represent early switched memory B cell
precursors that have not yet acquired CD27 expression (12),
while unswitched memory B cells are regarded as marginal zone
(MZ) equivalent cells, also resembling B-1 cells with innate-like
features (13). Several memory B cell phenotypes have been
described recently, but no such data are available in SSc.
Consequently, the purpose of this study was to analyze
memory B cell subsets using an extended range of markers,
and to search for possible associations between the alterations of
memory B cell subsets, the pathological and natural
autoantibody levels in peripheral blood and the clinical
features of SSc.
MATERIALS AND METHODS

Patients
Twenty-one patients with SSc (disease duration was 2.71
( ± 1.59) years based on the date of the first non-Raynaud’s
symptom) and 13 age and sex matched healthy controls (HC)
were enrolled for the study. Patients were classified as dcSSc and
lcSSc based on the criteria proposed by LeRoy et al. (14). None of
the patients were on immunosuppressive therapy. Mean (SD)
age at enrollment was 49.57 ( ± 12.4) years, mean (SD) modified
Rodnan skin score was 6.4 ( ± 7.53) points, and more than half of
the patients had ILD. We assessed pulmonary arterial
hypertension, pulmonary fibrosis, scleroderma renal crisis and
skin involvement according to our standard protocol (15).
Disease activity was recorded according to the physician’s
opinion based on internal organ, skin, and musculoskeletal
manifestations. The detailed characteristics of the patients are
shown in Table 1. All participants gave a written informed
consent to the study, after approval by the Research Ethics
Committee of the Hungarian Medical Research Council (ETT-
TUKEB) (84-256/2008-1018EKU).
Peripheral Blood Mononuclear Cell
Isolation and B Cell Separation
Peripheral blood mononuclear cells (PBMCs) were isolated by
Ficoll–Paque Plus (GE Healthcare, Chicago, IL, USA) density
gradient centrifugation of peripheral blood samples. EasySep™

Human CD19 Positive Selection Kit (Stemcell Technologies,
Vancouver, BC, Canada) was used for positive selection of
CD19+ cells according to the manufacturer’s instructions
achieving >95% purity.
June 2021 | Volume 12 | Article 686483
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Phenotyping of Memory B Cell Subsets
After checking the purity of the separated B cells using anti-
human CD20-PE (L27, Becton Dickinson, Franklin Lakes, NJ,
USA) multiparametric flow cytometry was performed on the
highly purified CD19+ B cells to investigate memory B cell
subsets. The phenotyping analysis of memory B cells was
conducted using the combination of anti-human IgD-PE (IA6-
2, Becton Dickinson, Franklin Lakes, NJ, USA), anti-human
CD27-PE/Cy5 (O323, Thermo Fisher Scientific, Waltham, MA,
USA), anti-human CD38-APC (HIT2, Thermo Fisher Scientific,
Waltham, MA, USA) and anti-human CD95-FITC (DX2,
Thermo Fisher Scientific, Waltham, MA, USA) following the
manufacturer’s protocols. Briefly, CD19+ B cells were incubated
with the appropriate antibodies for 30 min on ice, washed
twice in phosphate buffered saline and fixed with 1%
paraformaldehyde. Fluorescence of the labelled cells was
recorded using a FACS Calibur flow cytometer (Becton
Dickinson, Franklin Lakes, NJ, USA) and analyzed using FCS
Express 6 software (De Novo Software, Pasadena, CA, USA).

Measurement of Pathological and Natural
Autoantibodies
The presence of anti-topoisomerase I (topo I), anti-centromere
and anti-RNA polymerase III antibodies in the serum sample of
patients were measured using commercial ELISA (ORG 546 and
633 Orgentec Diagnostika, Mainz, Germany) and immunoblot
kits (Euroline Systemic Sclerosis Profile, Euroimmun, Lübeck,
Germany) according to the manufacturer’s protocol. The levels
of anti-citrate synthase (anti-CS) IgG autoantibodies were
determined with an in-house ELISA, as previously described
(17); ninety-six-well polystyrene plates (Nunc, Roskilde,
Denmark) were coated with 100 µl of 5 µg/ml citrate synthase
from porcine heart (Sigma, St. Louis, MO, USA) in 0.1 M
bicarbonate buffer, pH 9.6 at 4–8°C overnight. Following the
saturation of non-specific binding sites with 0.5% gelatin
Frontiers in Immunology | www.frontiersin.org 3146
(Sigma) in phosphate buffered saline (PBS) (pH 7–3), serum
samples were incubated in duplicate at 1:100 dilution in washing
buffer (PBS, 0.05% Tween 20) for 1 h at room temperature. Finally,
after extensive washing the plate was incubated with horseradish
peroxidase (HRP)-conjugated anti-human IgG-specific secondary
antibody (Dako, Glostrup, Denmark) for 1 h at room temperature.
The reaction was developed with TMB and measured at 450 nm,
using an iEMSMFmicrophotometer (Thermo Labsystem, Beverly
MA, USA). Five-point dilution series of our in-house anti-CS
standard was used for quantification.

Statistical Analysis
Statistical evaluation was performed using SPSS version 25.0
statistics package (IBM, Armonk, NY, USA). Mann–Whitney U
tests were used and p values <0.05 were considered significant.
RESULTS

Changes in the Frequency of Memory B
Cell Subsets in SSc
To investigate the distribution of memory B cell subsets in the
peripheral blood of SSc patients and HCs the frequencies of
CD19+IgD−CD27−CD38+ double negative (DN) 1, CD19+
IgDloCD27+CD38+ unswitched, CD19+IgD−CD27+CD38+
CD95− resting switched and CD19+IgD−CD27+CD38−
CD95+ activated switched memory (ASM) B cells were
determined (Figure 1A) in highly enriched B cells (Figure 1B).
First, we analyzed the alterations of peripheral blood memory B
cell subsets in SSc compared to HC, and found that the
percentage of unswitched, resting switched and ASM B cells
was significantly lower in SSc than in HC (p = 0.008, p = 0.002
and p = 0.044 respectively), while there was no significant
difference in the proportion of DN 1 cells between SSc and HC
samples (Figure 2).
TABLE 1 | Patients’ characteristics.

SSc (n = 21) dcSSc (n = 14) lcSSc (n = 7)

General data
Age (years), mean (SD) 49.57 (12.4) 50 (13.8) 48.71 (9.96)
Gender (female), n (%) 17/21 (80.95%) 10/14 (71.43%) 7/7 (100%)
Disease duration1 (years), mean (SD) 2.71 (1.59) 2.86 (1.7) 2.43 (1.4)
Active disease2, n (%) 10/21 (47.62%) 7/14 (50%) 3/7 (42.86%)
EScSG-AI ≥33, n (%) 6/21 (28.57%) 5/14 (35.71%) 1/7 (14.29%)

Organ involvement
MRSS mean (SD) 6.4 (7.53) 8.43 (8.21) 1.67 (1.37)
Lung fibrosis4, n (%) 11/21 (52.38%) 9/14 (64.29%) 2/7 (28.57%)
Pulmonary arterial hypertension (PAH)5, n (%) 1/21 (4.76%) 1/14 (7.14%) 0/7 (0%)
Renal involvement6, n (%) 1/21 (4.76%) 1/14 (7.14%) 0/7 (0%)

Antibodies
Anti-Scl-70+, n (%) 6/21 (28.57%) 5/14 (35.71%) 1/7 (14.29%)
Anti-RNA-polymerase III+, n (%) 2/21 (9.52%) 2/14 (14.29%) 0/7 (0%)
anti-centromere+, n (%) 8/21 (38.1%) 3/14 (21.43%) 5/7 (71.43%)
June 2021 | Volume 12 |
1Onset of the disease was defined as the date of the first non-Raynaud’s symptom.
2According to physician’s opinion based on organ manifestations.
3Active disease based on EScSG-AI (16).
4Pulmonary fibrosis was characterized by detection of fibrosis with high resolution CT and/or decreased forced vital capacity (FVC <80%).
5Right ventricle pressure ≥25 Hgmm measured by right heart catheterization.
6Scleroderma renal crisis was recorded as kidney involvement.
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The Distribution of Memory B Cell Subsets
Is Altered in dcSSc and Correlates With
Anti-Topoisomerase I Autoantibody
Positivity
We looked for relationship between the alterations of memory B
cell subsets and the serological features of SSc. First, we
compared the proportion of memory B cell subsets in dcSSc
Frontiers in Immunology | www.frontiersin.org 4147
and lcSSc. We found that the only significant difference was in
the percentage of ASM B cells, which was significantly elevated in
dcSSc (median: 3.16, interquartile range (IQR): 1.13–4.14)
compared to lcSSc (median: 1.02, IQR: 0.78–1.45) (p = 0.028)
(Figure 3A). Since anti-Scl-70 (anti-topo I) antibodies are
considered to be associated with dcSSc (18) we also compared
the proportion of memory B cell subsets in anti-topo I positive
and negative patients, and found that the percentage of ASM B
cells was significantly elevated in anti-topo I positive (median:
4.03, IQR: 2.24–4.49) compared to anti-topo I negative (median:
1.11, IQR: 0.82–1.97) SSc patients (p = 0.016) (Figure 3B). Male
patients with SSc are reported to have a more severe disease (19),
but even when only female patients were included in the analysis,
the significant differences in association with dcSSc could still be
observed (data not shown).

Increased Activated Switched Memory
B Cells in SSc Patients With Interstitial
Lung Disease
Interstitial lung disease (ILD) is the most common cause of death
among patients with SSc, and it is more common in dcSSc, or in
patients positive for anti-Scl-70 antibodies (20), thus we analyzed
the alteration of memory B cell subsets in ILD. ILD was defined
by detection of fibrosis with high resolution CT and/or decreased
forced vital capacity (FVC <80%). According to our results, the
pattern of differences in the proportion of memory B cell subsets
between patients with and without ILD are similar to the pattern
found when comparing dcSSc to lcSSc, and anti-topo I positive to
anti-topo I antibody negative patients. Significant difference was
only found in the percentage of ASM B cells, which was elevated
in patients with ILD (p = 0.003) (Figure 4). All of these patients
with ILD had pulmonary fibrosis on HRCT evaluated by
FIGURE 2 | Changes in the percentage of memory B cell subsets in SSc
compared to HC. The distribution of CD19+IgDloCD27+CD38+ unswitched,
CD19+IgD−CD27−CD38+ double negative (DN) 1, CD19+IgD−CD27+CD38+
CD95− resting switched and CD19+IgD−CD27+CD38−CD95+ activated
switched memory B cells are shown in HCs (n = 13) and in SSc patients (n =
21). The boxes show interquartile ranges (IQR), the horizontal lines represent
medians and the whiskers indicate the lowest and highest values. *p <0.05.
A

B

FIGURE 1 | Gating strategy to identify the investigated four subgroups of memory B cells in SSc patients. (A) The CD19+ purified B cells were stained with IgD,
CD38, CD27 and CD95 defining the following subsets: CD19+IgDloCD27+CD38+ unswitched, CD19+IgD−CD27−CD38+ double negative (DN) 1, CD19+IgD−
CD27+CD38+CD95− resting switched and CD19+IgD−CD27+CD38−CD95+ activated switched memory B cells. (B) To check the purity of the separated B cell,
cells were stained with anti-CD20 antibody after separation.
June 2021 | Volume 12 | Article 686483
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radiologists, and the average ± SD values of FVC and the
diffusing capacity of the lungs for carbon monoxide (DLCO) of
these patients were 92 ± 12.86 and 56.82 ± 19.74 respectively.

DN1 B Cells Are Decreased in Patients
With Active Disease
Assessment of disease activity in SSc is challenging due to the
heterogeneity of clinical manifestations, and the definition of the
concept of disease activity in SSc is inconsistent in the literature
(21). We used the EUSTAR Activity Index (EScSG-AI) to assess
disease activity in the enrolled SSc patients (16).We also verified the
disease activity according to the physician’s opinion based on
internal organ involvement and skin and musculoskeletal
Frontiers in Immunology | www.frontiersin.org 5148
manifestations. We analyzed the distribution of memory B cell
subsets in patients with active and inactive disease, and found no
significant differences in the percentage of the investigated memory
B cell subsets between patients with active and inactive disease
according to EScSG-AI (data not shown). However, the percentage
of DN1 B cells was significantly lower in patients with active disease
based on the opinion of the physician (p = 0.029) (Figure 5).

The Level of Anti-Citrate Synthase IgG
Natural Autoantibody Is Elevated in
Patients With Active Disease
Levels of natural autoantibodies with IgG isotype were shown to
fluctuate over time (22) and their amount showed association with
A B

FIGURE 3 | Differences in the frequency of memory B cell subsets in defined subgroups of SSc. CD19+IgDloCD27+CD38+ unswitched, CD19+IgD−CD27−CD38+
double negative (DN) 1, CD19+IgD−CD27+CD38+CD95- resting switched and CD19+IgD−CD27+CD38−CD95+ activated switched memory B cells were analyzed
(A) in dcSSc (n = 14) and lcSSc (n = 7) patients and (B) in anti-topoisomerase I (topo I) positive (n = 6) and anti-topo I negative (n = 15) SSc patients. The boxes
show interquartile ranges (IQR), the horizontal lines represent medians and the whiskers indicate the lowest and highest values. *p <0.05.
FIGURE 4 | Alterations in the percentage of memory B cell subsets in
patients with interstitial lung disease (ILD). The distribution of CD19+
IgDloCD27+CD38+ unswitched, CD19+IgD−CD27−CD38+ double negative
(DN) 1, CD19+IgD−CD27+CD38+CD95− resting switched and CD19+IgD−
CD27+CD38−CD95+ activated switched memory B cells are shown in SSc
patients with ILD (n = 11) and without ILD (n = 10). The boxes show
interquartile ranges (IQR), the horizontal lines represent medians and the
whiskers indicate the lowest and highest values. *p <0.05.
FIGURE 5 | Changes in the proportion of memory B cell subsets in active
disease. The percentages of CD19+IgDloCD27+CD38+ unswitched, CD19+
IgD−CD27−CD38+ double negative (DN) 1, CD19+IgD−CD27+CD38+CD95−
resting switched and CD19+IgD−CD27+CD38−CD95+ activated switched
memory B cells were analyzed in active (n = 10) and inactive (n = 11) SSc
patients. The boxes show interquartile ranges (IQR), the horizontal lines represent
medians and the whiskers indicate the lowest and highest values. *p <0.05.
June 2021 | Volume 12 | Article 686483
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subgroups of systemic lupus erythematosus (SLE) patients (23).
Therefore, we looked for differences in the level of anti-CS IgG
antibodies representing natural autoantibody (15, 17) in defined
SSc subgroups. First, we measured the level of anti-CS IgG
antibodies in serum samples of HCs and patients with SSc and
found no significant difference (HC: median = 8.53, range = 16.54;
SSc: median = 7.89, range = 25.49; p = 0.877). We also compared
the amount of anti-CS IgG antibodies in subgroups of SSc patients,
such as dcSSc or lcSSc, anti-topo I+ or anti-topo I-cases, and we
also evaluated the possible associations between the amount of
anti-CS IgG antibodies in the serum of patients with different
organ manifestations without significant results (data not shown).
However, the anti-CS IgG level was significantly higher in patients
with active disease than in patients with inactive disease (p =
0.028) (Figure 6). Additionally, comparison of anti-CS IgG level in
active, inactive SSc patients and HCs showed a higher tendency in
active SSc than in HC (p = 0.083) (Figure 6).
DISCUSSION

Dysregulated B cells are early contributors in the pathogenesis of
SSc (24). Chronic activation, clonal expansion, and antibody
production of circulating memory B cells have been reported (5)
but studies on memory B cell subsets in SSc are scarce. CD27−
IgD− DN B cells have been reported to be elevated in SSc
compared to HCs (25). The DN B cells are also increased in
SLE patients and are associated with higher disease activity and
disease-specific autoantibodies (26). The DN cell expansion
reflects a subset of DN2 cells in SLE (12), which are believed
Frontiers in Immunology | www.frontiersin.org 6149
to represent extrafollicular antibody-secreting cell precursors
(10). While only the minority of DN cells were DN2 cells in
HCs, their fraction was greater in SLE (12). The proportion of
DN2 cells was also found to be elevated in SSc (12), consequently
the increased frequency of DN cells in dcSSc compared to lcSSc
in our previous study (4) could be explained by the expansion of
DN2 cells. In agreement with this, we found no significant
differences in the frequency of DN1 cells either between HC
and SSc, or dcSSc and lcSSc patients; however, the percentage of
DN1 cells was lower in patients with active than in patients with
inactive disease. ASM B cells are described as effector memory-
plasma cell precursors (10) and although we found that their
frequency is lower in SSc than in HC, we demonstrated their
elevated proportion in dcSSc patients, in patients with anti-topo I
antibody positivity and pulmonary fibrosis, thus they may
represent a potential biomarker for the severe form of SSc.
Also, anti-topo I antibody positivity was reported to be
associated with HLA DPB1*1301 haplotype (27, 28), therefore
HLA DPB1*1301 haplotype might indicate a predisposition to
increased percentage of ASM B cells in severe form of SSc.

Natural autoantibodies are present in the serum of both
healthy individuals and patients with systemic autoimmune
diseases. They recognize evolutionally conserved self-structures,
most of them belong to the IgM isotype, and are polyreactive.
Natural autoantibodies have been described to have several
functions in the immune system, including clearance of
apoptotic debris, acceleration of primary immune responses,
suppression of autoimmune and inflammatory responses,
regulation of B cell responses and B cell development (29).
Natural autoantibodies of IgG isotype have also been described
(30, 31), their presence in human sera is thought to represent a
breakdown in central tolerance (30), and the intensity of their
reactivity to self-antigens is higher in patients than in healthy
individuals (32). The structural and functional conservation of
mitochondrial components makes citrate synthase (CS) a
candidate antigen for detailed analysis of physiological
autoreactive immune response and their changes under
pathological autoimmune conditions to molecules representing
an interesting transition from prokaryotic foreign to essential self-
antigens (17). In our previous studies, we detected natural anti-CS
antibodies in healthy individuals and in patients with systemic
autoimmune diseases (17, 23). B-1 cells produce natural IgM
from unmutated or minimally mutated V(D)J genes, but they can
undergo somatic hypermutation and class switching and produce
natural IgG or IgA autoantibodies with higher affinity (33),
particularly in autoimmune diseases (34). In addition to B-1
cells, natural antibodies can be produced by MZ B cells (13). As
unswitched memory B cells in human peripheral blood represent
MZ derived B cells (35), we correlated the level of anti-CS IgG
with the percentage of unswitched memory B cells, but without
significant result, consequently both B-1 and unswitched memory
B cells could participate in the anti-CS Ig antibody production in
SSc. In our previous study, we found a positive association
between the level of anti-CS and anti-dsDNA IgG levels in SLE
(23). Anti-dsDNA antibodies are associated with active SLE (36)
and here we found that the anti-CS Ig antibodies are elevated in
active SSc compared to inactive SSc and HC. Under pathological
FIGURE 6 | Relationship between disease activity and anti-citrate synthase
(CS) IgG antibody titers in SSc patients (n = 14) and HCs (n = 13). The boxes
show interquartile ranges (IQR), the horizontal lines represent medians and
the whiskers indicate the lowest and highest values. *p <0.05.
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conditions a compensatory increase in IgG antibodies with anti-
idiotypic activity can occur (37); however, at a certain point even
the increased amount of anti-idiotypic IgG may not be able to
ameliorate disease activity mediated by pathogenic IgG
autoantibodies. Intravenous immunoglobulin (IVIG) seems to
be beneficial in SSc (38), and IVIG is rich in natural antibodies
(39), thus it may exert its favorable effects by supporting the
natural antibody pool of patients as given the altered physiology
in autoimmune patients, it is plausible that these natural
autoantibodies are needed at higher amounts (29).

Assessment of disease activity in SSc is still a challenge, and
EScSG-AI showed only moderate correlation with the score
given by a physician when assessing disease activity globally in
a large Canadian cohort (40) and the index was criticized for not
considering, for example, renal involvement. We found no
association between disease activity and the investigated
memory B cell subsets using EScSG-AI to assess disease
activity. However, the percentage of DN1 B cells was lower in
patients with active disease when disease activity was evaluated
according to the physicians’ opinion based on internal organ,
skin, and musculoskeletal manifestations. There is still a need for
a valid composite activity index for the adequate assessment of
disease activity in every potentially involved organ in SSc, and
according to our results, the determination of DN1 B cell ratio
and the measurement of natural anti-CS IG antibody level could
supplement the currently available indexes.
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Patients with multiple sclerosis (MS) suffer with age an early immunosenescence process,
which influence the treatment response and increase the risk of infections. We explored
whether lipid-specific oligoclonal IgM bands (LS-OCMB) associated with highly
inflammatory MS modify the immunological profile induced by age in MS. This cross-
sectional study included 263 MS patients who were classified according to the presence
(M+, n=72) and absence (M-, n=191) of LS-OCMB. CSF cellular subsets and molecules
implicated in immunosenescence were explored. In M- patients, aging induced
remarkable decreases in absolute CSF counts of CD4+ and CD8+ T lymphocytes,
including Th1 and Th17 cells, and of B cells, including those secreting TNF-alpha. It
also increased serum anti-CMV IgG antibody titers (indicative of immunosenescence) and
CSF CHI3L1 levels (related to astrocyte activation). In contrast, M+ patients showed an
age-associated increase of TIM-3 (a biomarker of T cell exhaustion) and increased values
of CHI3L1, independently of age. Finally, in both groups, age induced an increase in CSF
levels of PD-L1 (an inductor of T cell tolerance) and activin A (part of the senescence-
associated secretome and related to inflammaging). These changes were independent of
the disease duration. Finally, this resulted in augmented disability. In summary, all MS
org July 2021 | Volume 12 | Article 6851391152
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patients experience with age a modest induction of T-cell tolerance and an activation of
the innate immunity, resulting in increased disability. Additionally, M- patients show clear
decreases in CSF lymphocyte numbers, which could increase the risk of infections. Thus,
age and immunological status are important for tailoring effective therapies in MS.
Keywords: multiple sclerosis, aging, innate immunity, adaptive immunity, inflammation
INTRODUCTION

Multiple sclerosis (MS) is an autoimmune disease that is
characterized by demyelination, chronic inflammation, and
neuronal loss, causing irreversible damage to the central
nervous system (CNS). Accumulating evidence suggests that
aging is a risk factor for the progression of MS, and late onset
of the disease (40-50 years of age) is associated with earlier
conversion to progressive phases (1). Additionally, age
reduces the capability of the CNS to remyelinate (2) and
increase s ex t race l lu l a r accumula t ion of i ron (3) ,
mitochondrial dysfunction (4), and chronic microglia
activation (5).

Age-related changes in the immune system have been
extensively studied (6, 7). Aging is generally considered to be
associated with chronic low-grade inflammation, which affects
the innate and adaptive immune systems in a phenomenon
known as “immunosenescence” (8). The innate immune
system increases the secretion of pro-inflammatory cytokines
and proteases, including Tumor Necrosis Factor (TNF)-a,
interleukin (IL)-6, and metalloproteases. This is associated with
reduced tissue clearance and phagocytosis capacity by myeloid
cells (9). On the other hand, the adaptive immune system
displays a reduction in the number of naïve T cells due to
thymic involution, which reduces their ability to react against
new antigens (10).

Importantly, the number of memory T cells in the
bloodstream increases, especially the CD8 subset (11). In
particular, an increase in memory T cells and antibodies
specific for cytomegalovirus (CMV) has been reported, which
is broadly considered to be a hallmark of immunosenescence
(12). Remarkably, this process that usually occurs in people older
than 65 years arises about 20 years earlier in different
inflammatory diseases including MS. This phenomenon is
named as premature or early immunosenescence (13–15).

Investigating the influence of a highly inflammatory disease in
the immunosenescence process could help to identify whether
age-related changes are a uniform process in MS or depend on
patient idiosyncrasies.

To explore this, we studied the effect of aging in the adaptive
and innate immune responses in the CSF of MS patients. We also
explored whether the intrathecal synthesis of lipid-specific
oligoclonal IgM bands (LS-OCMB), a well-established marker
of a high inflammatory disease course in MS (16, 17), plays a role
in this process. Understanding the age-related alterations in the
immune system of MS patients is critical for the development of
targeted therapeutic approaches and the discovery of novel
potential markers of the progression of the disease.
org 2153
MATERIALS AND METHODS

Study Approval
This study was approved by the Ethical Committee of Ramón y
Cajal University Hospital (Madrid, Spain). Written informed
consent was obtained from every patient before inclusion in
the study.

Patients
In this cross-sectional prospective study, we included 263
consecutive patients (149 females/114 males) who were diagnosed
with MS at Ramón y Cajal University Hospital (Madrid, Spain)
according to modified McDonald criteria (18). Patients did not
receive any disease-modifying treatment before inclusion. Patient
characteristics are shown in Table 1. The expanded disability status
scale (EDSS) score and theMS severity score (MSSS) were evaluated
at lumbar puncture, or in case the patient was in a relapse at that
moment, one month after when the clinical situation was stabilized.
EDSS score was measured in the whole patient cohort, MSSS in the
161 patients with more than six months of disease duration at
lumbar puncture (41 M+ and 120 M-), and the number of relapses
in the first year in the 119 patients with RRMS and more than six
months of disease duration (34 M+ and 101 M-).

Samples
Paired serum and CSF samples were always obtained for clinical
purposes. Fresh CSF samples were centrifuged at 500 g for 10min.
The cellular pellet was resuspended and analyzed for subsequent
flow cytometry studies as described below. After centrifugation, CSF
and serum samples were aliquoted and stored at -80°C
until assessment.

Immunoglobulin G and M Oligoclonal
Band Detection
Serum and CFS IgG, IgM, and albumin were quantified by
nephelometry in an Immage nephelometer (Beckman Coulter,
Brea, CA). Oligoclonal IgG and IgM bands were studied in paired
CSF and serum samples by isoelectric focusing and immunoblotting
as described previously (16, 19). The presence of intrathecal IgG or
IgM synthesis was demonstrated by the appearance of two or more
oligoclonal bands in CSF, not present in paired serum sample. Lipid
specific IgM bands were assessed in the CSF of patients showing
intrathecal IgM synthesis as previously described (16). Briefly,
oligoclonal IgM bands are separated by isoelectrofocusing and
transferred to nitrocellulose membranes coated with different
lipids and blocked with Polypep (Merck). A membrane blocked
with polypep is used as negative control. The presence of anti-lipid
IgM antibodies restricted to the CSF is then evidenced by
July 2021 | Volume 12 | Article 685139
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immunoblotting with anti-human IgM antibodies labeled with
biotin and with streptavidin labeled with alkaline phosphatase. A
representative image of anti-lipid IgM bands is shown in
Supplementary Figure 1.

CSF Leukocyte Subpopulations
The followingmonoclonal antibodies were used in the study: CD14-
FITC, IFN-g-FITC, GM-CSF-PE, CD3-PerCP, TNF-a-PerCP-
Cy5.5, CD16-PE-Cy7, CD19-PE-Cy7, CD56-APC, CD8-APC-H7,
CD3-BV421, and CD45-V500 (BD Biosciences, San Diego, CA). IL-
17-APC was obtained from R&D Systems, Minneapolis, MN. For
patients whose CSF samples were 3-5 ml (36 M+ and 86 M-
patients), only a tube measuring surface antigens was studied. In
cases of 5-8 ml of CSF (36 M+ and 105 M- patients), the samples
were divided into two identical aliquots, and surface antigens and
intracellular cytokine production were studied as detailed below.
The precise CSF volume used in every case was recorded to calculate
total cell numbers.

Flow Cytometry Analysis
For surface antigen identification, cellular pellets obtained after CSF
centrifugation were resuspended in the residual volume (about 100
µl), stained with the appropriate amounts of monoclonal antibodies
for 30 minutes at 4°C in the dark, washed twice with PBS, and
analyzed in a FACSCanto II flow cytometer (BD Biosciences). For
intracellular cytokine detection, cellular pellets were stimulated and
stained for flow cytometry analysis as described previously (20). In
brief, cellular pellets were incubated for 4 hours at 37°C in 5% CO2
with 50 ng/ml Phorbol 12-myristate 13-acetate (PMA) (Sigma-
Aldrich, St. Louis, MO) and 750 ng/ml Ionomycin (Sigma-Aldrich)
in presence of 2 µg/ml Brefeldin A (GolgiPlug, BD Biosciences) and
2.1 µM Monensin (Golgi Stop, BD Biosciences). After incubation,
cells were washed and stained with the monoclonal antibodies
recognizing the surface antigens. Then, cells were washed, fixed and
permeabilized with Cytofix/CytopermKit (BD Biosciences), washed
twice and subjected to intracellular staining with monoclonal
Frontiers in Immunology | www.frontiersin.org 3154
antibodies recognizing different cytokines. Then, cells were
washed and analyzed in a FACSCanto II flow cytometer. Data
analysis was performed using the software FACSDiva V.8.0 (BD
Biosciences) and the gating strategy shown in Supplementary
Figures 2, 3. All labeled cells were acquired to calculate total
cell numbers.

Detection of Soluble Molecules in CSF
We used ELISA to explore the CSF values of the following
molecules: activin A (R&D Systems, MN), chitinase 3-like 1
(CHI3L1; Quidel Corporation, San Diego, CA), C3 complement
component (Abcam; Cambridge, UK), neurofilament light chains
(NfL; Uman Diagnostics, Sweden), programmed death-ligand 1
(PD-L1; R&D Systems), and T-cell immunoglobulin and mucin
domain 3 (TIM-3; Bio-Techne, R&D Systems). All assays were run
according to the manufacturer’s instructions with the exception of
NfL, for which 10 and 50 µl of CSF were assayed for every patient.

Anti-CMV IgG ELISA
Serum anti-CMV IgG antibodies were measured by ELISA (Zeus
Scientific, USA) according to the manufacturer’s instructions. The
results were expressed as an index value (IV) that was calculated as
follows: 10 x sample absorbance/cut-off value. Samples were
analyzed in duplicate for each test.

Statistical Analyses
Statistical analyses were done using the software GraphPad
Prism 6.0 (GraphPad Prism Inc., La Jolla, CA) and Stata 16
(StataCorp LLC, Lakeway, TX). For continuous variables, we
used the Mann-Whitney U-test with Bonferroni post-hoc
correction or the Kruskal-Wallis test with Dunn’s multiple
comparison post-test when comparing 3 or more groups. The
chi-squared test was used to compare categorical variables. P-values
below 0.05 were considered as significant. Spearman correlation was
used to test for associations between groups, and the Spearman r
and p values are reported in each instance. Multivariate regression
TABLE 1 | Clinical and demographic data of patients included in the study.

Total patients (n=263) M- patients (n=191) M+ patients (n=72) P

Age (years). Median (range) 39.0 (16-65) 40.0 (16-65) 35.0 (18-62) ns
Disease duration (months) (*) 7.4 (3.2-32.1) 8.4 (3.7-45.4) 6.5 (2.0-15.5) ns
Sex (male/female) 114/149 80/111 34/38 ns
Disease onset (RR/PP) 231/32 171/20 60/12 ns
EDSS score (*) 1.5 (1.5-2.0) 1.5 (1.0-2.0) 2.0 (1.5-3.0) 0.004
MSSS score (**) 4.3 (2.4-5.9) 4.3 (2.4-5.2) 5.9 (4.3-7.9) <0.0001
N. of Relapses in the previous year (*)(**) 1 (1-2) 1 (1-1) 2 (1-2) <0.0001
CSF CHI3L1 (ng/ml) (*) 209.5 (159.5-284.8) 200.0 (156.0-266.2) 246.5 (183.1-395.7) 0.017
CSF NfL (pg/ml) (*) 924.4 (567.3-2058.7) 842.6 (466.0-1364.5) 1558.9 (759.7-4053.1) 0.0002
CSF C3 (ng/ml) (*) 9586 (6808-13744) 8172 (6256-10856) 10498 (8305-15151) 0.018
IgG Index (*) 0.91 (0.72-1.41) 0.91 (0.69-1.42) 0.76 (0.54-0.98) ns
IgM Index (*) 0.16 (0.11-0.27) 0.14 (0.10-0.22) 0.24 (0.15-0.42) <0.0001
Alb Index (*) 4.24 (3.10-5.65) 4.24 (3.03-5.43) 4.24 (3.36-5.89) ns
July 2021 | Volume 12 | Article
(*): Data shown as Median (25-75% IQR); (**): Explored in patients with at least six months of disease duration. Alb, Albumin; CHI3L1, Chitinase 3-like 1; C3, C3 complement
component; CSF, cerebrospinal fluid; EDSS, Expanded Disability Status Scale; IQR, Interquartile range; LP, lumbar puncture; M+ patients, Those showing lipid-specific oligoclonal IgM
bands; M- patients, Those lacking lipid-specific oligoclonal IgM bands; MSSS, Multiple Sclerosis Severity Score; N., number; NfL, neurofilament light chain; ns, not significant; PP,
Progressive onset; RR, relapsing remitting onset. P values are referred to M+ vs M- patient comparisons. Continuous variables were analyzed using Mann-Whitney U test and
categorical ones by Chi-square tests.
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analysis was used to explore the relationship between age and
immunological factors and between age and disability scores while
adjusting for disease duration.
RESULTS

Patient Characteristics
We investigated the association between aging and intrathecal
immune response in MS by studying a large cohort of treatment-
naive MS patients (n=263). We stratified them in two groups
according to the absence (M-, n=191) and presence (M+, n=72)
of LS-OCMB. Clinical, demographic, and laboratory data are shown
in Table 1. M+ patients showed higher number of relapses in the
previous year (p<0.0001), and higher values of the EDSS) (p=0.004)
and theMSSS (p<0.0001) scores. In addition, they showed increased
CSF values of CHI3L1 (p=0.017), neurofilament light chains (NfL)
(p=0.0002), C3 complement factor (p=0.018) and of the IgM
index (p<0.0001).

Aging Diminishes Numbers of Intrathecal
Lymphocytes and NK Cells in M- Patients
Next, we studied age-related changes in the main leukocyte subsets
in the CSF. The results are shown in Table 2. M- patients showed a
Frontiers in Immunology | www.frontiersin.org 4155
remarkable decrease of mononuclear cell numbers (p<0.0001) due
to a drop-in lymphocytes (p<0.0001) and natural killer cells (NK)
(p=0.0001). A similar reduction was found in CD4+ (p<0.0001)
and CD8+ (p<0.0001) T cells and in B cells (p<0.0001). In
contrast, monocyte numbers did not show any significant
changes (Table 2). We also explored the intracellular production
of pro-inflammatory cytokines by CSF lymphocytes. In the M-
group, age induced significant decreases of CD4+ and CD8+ T
cells producing IFN-g, TNF-a, and GM-CSF, as well as CD4+ T
cells producing IL-17. A reduction in B cells producing TNF-a
was observed in both groups of patients (Table 2).

To rule out the effect of disease duration on these correlations,
we performed a multivariable linear regression analysis between age
and leukocyte numbers adjusting for disease duration. Most
associations remained significant with the only exceptions of
CD4+ T cells producing IL-17 in M- patients and B cells
producing TNF-a in M+ patients that were lost (Figures 1A, B
and Supplementary Table 1).

To investigate the age at which intrathecal leukocyte decline
occurs, we classified patients according to their age in subgroups
offive years (i.e., ≤25, 26-30, 31-35 years, and so on). The highest
changes in lymphocyte numbers were observed inM- patients older
than 45 years (Figure 2A). The same results were observed when
studied CSF CD4+ and CD8+ T cell numbers (Figures 2B, C).
TABLE 2 | Correlations between age and variables related to immune response or axonal damage.

Total patients (n=263) M- patients (n=191) M+ patients (n=72)

Variable r p r p r p
Leukocyte subsets (cells/ml)
Total Mononuclear cells -0.40 <0.0001 -0.46 <0.0001 0.02 0.886
Total Lymphocytes -0.40 <0.0001 -0.47 <0.0001 0.02 0.889
CD4+ T cells -0.37 <0.0001 -0.45 <0.0001 0.07 0.597

CD4+T cells IFN-gamma+ -0.31 0.0002 -0.33 0.0007 -0.15 0.364
CD4+T cells TNF-alpha+ -0.32 0.0001 -0.35 0.0003 -0.14 0.411
CD4+T cells IL-17+ -0.34 <0.0001 -0.31 0.0012 -0.34 0.042
CD4+ GM-CSF+ -0.41 0.002 -0.44 0.003 -0.28 0.378

CD8+ T cells -0.34 <0.0001 -0.41 <0.0001 0.02 0.852
CD8+T cells IFN-gamma+ -0.30 0.0003 -0.32 0.0008 -0.11 0.510
CD8+T cells TNF-alpha+ -0.27 0.0014 -0.29 0.003 -0.08 0.614
CD8+T cells IL-17+ -0.21 0.0136 -0.15 0.121 -0.23 0.172
CD8+ GM-CSF+ -0.43 0.001 -0.49 0.001 -0.23 0.477

CD19+ B cells -0.41 <0.0001 -0.49 <0.0001 0.02 0.847
CD19+ TNF-alpha+ -0.41 0.002 -0.36 0.02 -0.68 0.01
CD19+ GM-CSF+ -0.31 0.02 -0.25 0.103 -0.65 0.02

Total NK cells -0.31 0.0002 -0.39 0.0001 -0.08 0.590
Total Monocytes -0.09 0.142 -0.13 0.070 0.03 0.795

Soluble factors
PD-L1 (pg/ml) 0.34 <0.0001 0.30 0.0011 0.56 0.0005
TIM-3 (pg/ml) 0.30 0.0012 0.27 0.04 0.41 0.002
IgG anti-CMV (IV) 0.28 0.0003 0.31 0.0006 0.17 0.247
CHI3L1 (ng/ml) 0.41 <0.0001 0.49 <0.0001 0.29 0.057
Activin A (pg/ml) 0.46 <0.0001 0.47 <0.0001 0.44 0.003
NfL (pg/ml) -0.07 0.368 0.06 0.518 -0.28 0.051
C3 (ng/ml) 0.18 0.098 0.18 0.220 0.27 0.085
July 202
1 | Volume 12 | Artic
C3, C3 complement component; CHI3L1, Chitinase 3-like 1; CMV, Cytomegalovirus; CSF, Cerebrospinal fluid; GM-CSF, Granulocyte/macrophage-colony stimulating factor; IV, Index
Value; NK, Natural Killer; IFN, Interferon; PD-L1, Programmed Death-ligand 1; TIM-3, T-cell immunoglobulin and mucin domain-3; TNF, Tumor necrosis factor; IL, Interleukin; M+ patients,
those showing lipid-specific oligoclonal IgM bands; M- patients, those lacking lipid-specific oligoclonal IgM bands. All variables were quantified in CSF with the exception of IgG anti-CMV,
quantified in serum. r and p values were determined by Spearman correlation.
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Remarkably, no differences were observed in the M+ group, even in
patients older than 50 years.

In view of these results, we classified M+ and M- patients in
two groups (Age ≤45 or > 45 years) and further explored the
influence of age in the numbers of CD4+ and CD8+ T cells
Frontiers in Immunology | www.frontiersin.org 5156
producing IFN-gamma, TNF-alpha, and GM-CSF (Figure 3).
M- patients older than 45 years showed lower CSF numbers of
CD4 and CD8 T cells producing IFN-gamma (p=0.004 and
p=0.003 respectively), TNF-alpha (p=0.002 and p=0.004
respectively), and GM-CSF (p=0.029 and 0.005 respectively).
A B

C D

E F

FIGURE 1 | Multivariate regression analysis to explore the effect of age on immune response and disability in M- and M+ patients. We explored influence of age in
different leukocyte subsets [(A, B) cells/ml] and in soluble factors levels (C, D) related to adaptive and innate immune responses in patients lacking [M-, n=191 (A, C)]
and showing [M+, n=72, B, (D)] lipid-specific oligoclonal IgM bands. All variables were quantified in CSF with the exception of IgG anti-CMV, quantified in serum. The effect of
age on disability in M- (E) and M+ (F) patients was also studied. All coefficients (black circles) and 95% confidence intervals were adjusted by disease duration. CHI3L1,
Chitinase 3-like 1; CMV, Cytomegalovirus; CSF, cerebrospinal fluid; EDSS, Expanded Disability Status Scale; IFN, Interferon; IL, Interleukin; IV, Index Value; GM-CSF,
Granulocyte/macrophage-colony stimulating factor; MSSS, MSSS, Multiple Sclerosis Severity Score. NK, Natural Killer; PD-L1, Programmed Death-ligand 1; TIM-3, T-cell
immunoglobulin and mucin domain-3; TNF, Tumor necrosis factor.
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A

B C

FIGURE 2 | Changes in CSF lymphocyte counts in MS patients classified according to age and to the absence or presence of lipid-specific oligoclonal IgM bands
(LS-OCMB). Absolute cell numbers (N.) of CSF total lymphocytes (A), CD4+ (B) and CD8+ (C) T lymphocytes were studied in multiple sclerosis patients lacking (M-,
grey bars, n=191) and showing (M+, white bars, n=72) LS-OCMB, classified according to their age: ≤25, 26-30, 31-35, 36-40, 41-45, 46-50 and ≥ 51 years. ns, not
significant. ****p < 0.0001.
A B C

E FD

FIGURE 3 | Changes in CSF CD4+ and CD8+ T lymphocytes producing cytokines in M- and M+ patients according to age. Absolute cell numbers (N.) of CD4+
(A–C) and CD8+ (D–F) T lymphocytes producing Interferon-gamma (IFNg), Tumor Necrosis Factor-alpha (TNFa) and Granulocyte-Macrophage Colony Stimulating
Factor (GM-CSF) in patients lacking (M-, n=105) and showing (M+, n=36) lipid-specific oligoclonal IgM bands, and classified according to their age in ≤ 45 years
(white bars) and > 45 years (grey bars). ns, not significant; y, years. *p < 0.05; **p < 0.01.
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However, none of these T cell subsets changed in M+ patients
with age. Representative images of intracellular cytokine
production by CD4+ and CD8+ T lymphocytes from M-
patients are shown in Figure 4.

Changes in Soluble Factors Associated With
Immunosenescence and T Cell Exhaustion
To gain insight into the regulation of adaptive immune cell activity,
we analyzed CSF levels of PD-L1 and TIM-3, which are markers of
T cell tolerance and exhaustion, respectively. We also explored
serum titers of anti-CMV IgG, a marker of immunosenescence.
PD-L1 and TIM-3 levels increased with age inM- andM+ patients
(Table 2). The association with TIM-3 was lost in M- patients after
adjusting for disease duration (Figures 1C, D and Supplementary
Table 1). By contrast, serum anti-CMV IgG, a marker of
immunosenescence, increased with age only in the M- group
(Figures 1C, D and Supplementary Table 1).

Soluble Factors Related to Innate
Immune Response
To further examine age-related differences between M+ and M-
patients, we assessed CSF values of CHI3L1 and activin A, which
are soluble factors related to the innate response. Activin A
increased with age in both M- and M+ patients, while CHI3L1
levels only increased in the M- group. Notably, M+ patients had
higher levels of this protein independently of age (Table 1). No
significant correlations were lost after adjusting for disease
Frontiers in Immunology | www.frontiersin.org 7158
duration (Figures 1C, D and Supplementary Table 1). By
contrast, CSF NfL and C3 complement component levels did
not change with age in M- or M+ patients (Table 2), but were
higher in M+ patients independently of age (Table 1).

Age and Disability Progression
Finally, we explored the EDSS andMSSS scores. The first variable
was studied in the total patient cohort, and the second one was
studied in the 161 patients with at least six months of disease
duration at lumbar puncture (120 M- and 41 M+). As reported
above, M+ patients showed higher values of EDSS and MSSS
scores (Table 1). When exploring the effect of age after adjusting
for disease duration, we found increases in both scores in M- and
M+ patients (Figures 1E, F and Supplementary Table 1).
DISCUSSION

Immunosenescence is characterized by a chronic activation of
the innate immune response and reduced effectiveness of the
adaptive response, which commonly occur after the age of 65
years (6). Converging evidence suggests that this process can
occur earlier in patients with chronic immune-system activation,
such as those with acquired immunodeficiency syndrome or
rheumatoid arthritis (21, 22). In MS, older age affects the
response to treatments and increases the risk of side effects
(23, 24).
A B C

E FD

FIGURE 4 | Representative flow cytometry images of CSF T lymphocytes producing cytokines in M- patients. Representative dot plots showing intracellular cytokine
production by CSF CD4+ and CD8+ T lymphocytes from a young M- patient [34 years old; (A–C)] and from an old one [57 years; (D–F)]. Percentages over total CSF
CD45+ lymphocytes are indicated on plots. GM-CSF, Granulocyte-Macrophage Colony Stimulating Factor; IFNg, Interferon-gamma; TNFa, Tumor necrosis factor-alpha.
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Pathological studies involving patient necropsies have
provided recent reports on the molecular mechanisms involved
in these changes came (25). These studies found an increase in
innate immune-cell activation restricted to the CNS and a
decrease in lymphocyte influx into the CNS in progressive
forms of the disease (26). However, MS is a heterogeneous
disease, and this process could not be uniform in all patients.
Along these lines, it was shown that LS-OCMB (which is
associated with a worse course of MS (16, 26) and higher
inflammation demonstrated by augmented NfL values (27)
have a protective effect on PML risk in patients receiving
natalizumab treatment, independently of age (17, 28). This
could imply that M+ status can modulate the effect of age in MS.

We aimed to explore this idea in 263 consecutive MS patients
who had not previously received any disease-modifying
treatment. M- patients showed a remarkable reduction in the
numbers of B, T, and NK cells in the CSF, which was not
observed in M+ patients. M- patients also showed a clear
reduction in the numbers of B and T cells producing pro-
inflammatory cytokines. These data are interesting since they
show that highly inflammatory MS can counteract the effect of
age in the inflammation of the adaptive immune system.

To explore the origin of these differences, we studied soluble
factors associated with immune cell exhaustion and
immunosenescence. All MS patients showed a modest age-
associated increase of PD-L1, a check point molecule capable
of inducing T cell tolerization that rises in old individuals (29).
This confirms the appearance of an early immunosenescence
process in MS patients, since this study was performed in
individuals aged between 16 and 65 years, an age at which
most healthy individuals did not enter in the immunosenescence
process yet. In addition, age induced in M+ patients an elevation in
the CSF values of TIM-3, a co-receptor that frequently increases
upon repeated T cell activation (30–33). TIM- favors T cell
exhaustion in junction with other factors associated with
senescence but its expression alone does not seem to correlate
with this condition (34). Despite the increases of CSF levels of PD-
L1 and TIM-3,M+ patients did not experience a decrease in the CSF
levels the numbers of pro-inflammatory lymphocytes with age. This
may be occasioned by the lack of other molecules involved in the
immunosenescence process, or by the up-regulation of other pro-
inflammatory signals. In this line, we described the association of
the M+ status with polymorphisms in the TNF-alpha promoter
associated with sustained inflammation (35).

Moreover, M- but not M+ patients showed an age-related
increase of the titers of anti CMV antibodies. The increase of
clonally expanded CD8 T cells and of anti-CMV antibodies
associate with immunosenescence (12). In addition, CMV
infection occurs more frequently in older individuals in MS
and associates with lower production of pro-inflammatory
cytokines and (36, 37). These data show that M- patients show
an early immunosenescence process associated with a down-
regulation of the pro-inflammatory adaptive immune response.
The M- phenotype is twice as frequent as the M+ phenotype in
MS. Thus, the reduction of pro-inflammatory adaptive immune
cells shown by these patients may account for the changes in
Frontiers in Immunology | www.frontiersin.org 8159
adaptive immune response described for aged MS patients (38),
and M+ status may protect from opportunistic infections in
older patients (39, 40).

Regarding the innate immune response, M+ patients showed
higher values of the C3 component of the complement and of
CHI3L1 in CSF, independently of age. IgM antibodies can fix
complement much more efficiently than IgG antibodies, so M+
patients can have an early activation of the innate immune
system mediated by the complement activation. CHI3L1 is
expressed in demyelinated lesions by activated astrocytes and
is related to the innate immune response (41). This may account
for the early worsening of disability shown by these patients.

The M- group only showed an increase in CHI3L1 levels
with aging, which suggests an additional activation of the
innate immune system occurring with age. This was
confirmed by the age-associated increase of activin A
experienced by M+ and M- patients. This molecule is
expressed by activated microglia (42), which is an important
part of the senescence-associated secretoma, which induces
inflammaging in older individuals (43). This indicates that MS
patients enter an inflammaging process at a much younger age
than healthy individuals. This could be at least partly
responsible for the increased worsening of disability shown
by MS patients at ages beyond 45 years (44). In view of these
results, activin A levels could be a biomarker of early
inflammaging in MS. Further exploration of the cytokine
profile of innate immune cells in the CSF of older MS
patients and its association with disability could provide tools
for identifying new effective treatments for older MS patients.
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Vaccination is the most effective measure to prevent infections in the general population.
Its efficiency strongly depends on the function and composition of the immune system. If
the immune system lacks critical components, patients will not be fully protected despite a
completed vaccination schedule. Antigen-specific serum immunoglobulin levels are
broadly used correlates of protection. These are the products of terminally differentiated
B cells – plasma cells. Here we reviewed the literature on how aberrancies in B-cell
composition and function influence immune responses to vaccinations. In a search
through five major literature databases, 6,537 unique articles published from 2000 and
onwards were identified. 75 articles were included along three major research lines:
extremities of life, immunodeficiency and immunosuppression. Details of the protocol can
be found in the International Prospective Register of Systematic Reviews [PROSPERO
(registration number CRD42021226683)]. The majority of articles investigated immune
responses in adults, in which vaccinations against pneumococci and influenza were
strongly represented. Lack of baseline information was the most common reason of
exclusion. Irrespective of study group, three parameters measured at baseline seemed to
have a predictive value in assessing vaccine efficacy: (1) distribution of B-cell subsets
(mostly a reduction in memory B cells), (2) presence of exhausted/activated B cells, or B
cells with an aberrant phenotype, and (3) pre-existing immunological memory. In this
review we showed how pre-immunization (baseline) knowledge of circulating B cells can
be used to predict vaccination efficacy. We hope that this overview will contribute to
optimizing vaccination strategies, especially in immunocompromised patients.
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INTRODUCTION

Vaccination is the most effective measure to prevent infectious
diseases in the general population (1). However, its efficiency
strongly depends on the fitness of the immune system. If the
immune system is suppressed or lacks critical components,
individuals are not fully protected despite a completed
vaccination schedule. As a result, the immunocompromised
population is at increased risk of morbidity and mortality
caused by vaccine-preventable diseases (2–4). Aside from people
suffering from inherited or acquired immunodeficiencies, also
relatively healthy individuals can have weakened immune
responses, i.e. early in life or as a consequence of aging (5–8). In
this review, we evaluated the current literature on vaccine
responsiveness in individuals with (temporarily) altered B-
cell systems.

An effective immune response depends on the cooperation of
multiple cell types. During the immune response, innate immune
cells are rapidly recruited to the place of damage or infection (9–
11). They initiate the immune response by means of local
inflammation, but also act as antigen (Ag)-presenting cells (10, 11).
Frontiers in Immunology | www.frontiersin.org 2163
The innate response is followed by activation of adaptive immune
cells (T and B cells), which results in the formation of effector and
memory cells (8).

In healthy adults, the majority of B cells are of the naive
mature or memory B-cell (MBC) phenotype [Figure 1, adjusted
from (13, 14)]. Additionally, low numbers of transitional/
immature B cells (recent bone marrow migrants) and plasma
cells (terminally-differentiated effector B cells) can be detected in
peripheral blood (12). While the breadth of the naive B-cell
repertoire (number of naive B cells carrying a unique B-cell
receptor) is crucial in the response to neoantigens, the diversity
within the MBC compartment, shaped by previous antigen
encounters, plays an important role in recall responses,
such as to a booster vaccination. Within MBCs, two major
subpopulations can be defined: the non class-switched MBCs
and class-switched MBCs. Most non class-switched MBCs are
believed to be derived from T-cell independent immune
responses to antigens such as polysaccharides, nucleic acids
and lipids. In contrast, formation of class-switched MBCs is
mostly T-cell dependent and takes place in germinal centers
upon recognition of protein antigens (15). However, it should be
A B

FIGURE 1 | Simplified representation of major B-cell subsets detectable in blood (A) along with an overview of markers (B) used to define atypical B-cell
populations. (A) From left to right: Immature/Transitional B cells are recent bone marrow migrants and present in low numbers in the peripheral blood. They mature
into naive B cells, which constitute the major part of the circulating B-cell population. The number of naive B cells with unique B-cell receptors forms the naive B-cell
repertoire, which is crucial for recognition of neoantigens (primary antigen encounters). Naive B cells which encountered T-cell dependent antigens (e.g. a protein),
will enter germinal centers to receive T-cell help. As a consequence, they will upregulate AID (Activation Induced Cytidine Deaminase) and subsequently improve
affinity for antigen by introducing Somatic Hypermutations (SHM) and change effector functions in the process of Class-Switch Recombination (CSR). Only B cells
that express receptors with increased affinity to the encountered antigen survive and can leave the germinal center as class-switched memory B cells (MBC) or as
plasma cells. When a B cell is activated by a T-cell independent antigen (e.g. a polysaccharide, nucleic acid or lipid), it does not enter the germinal center, but
differentiates into a non class-switched MBC instead. Class-switched and non class-switched MBCs make up a large part of the circulating B-cell compartment, and
are present in other parts of the peripheral lymphoid system, such as the spleen or lymph nodes. These MBCs are important during recall responses (recall antigen
encounter) when they can re-enter germinal centers and undergo further processes of affinity maturation and class-switching. Lastly, plasma cells are the terminal
effector B cells and responsible for massive antibody production after antigen encounter. Upon infection or vaccination, a transient peak of plasma cell numbers is
observed, but in steady state, plasma cell numbers are low. Part of the plasma cells generated during an immune response becomes long-lived plasma cells that
migrate to the bone marrow, where they can stay for many years and produce low quantities of antibodies, which are detectable in serum. Underneath each
phenotypic description we provide reference values for each of the populations. The median % (of total B cells) and median cell count in the periphery (cells/µl) are
indicated (12). These values are based on the publication by Blanco et al., JACI, 2018, who derived these numbers from a cohort of 32 healthy adults, aged 18-39
years. (B) An overview of different cellular and genetic markers that were used in the reviewed publications to define atypical B-cell subsets, such as exhausted,
tissue-like, anergic, activated or immunesenescent phenotypes. The right column indicates the most prominent function or process involvement for each marker.
September 2021 | Volume 12 | Article 690328

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Diks et al. B-Cell Phenotype and Vaccination Responses
noted that several exceptions to these general observations have
been described, such as T-cell independent IgA responses in
mucosa-associated lymphoid tissues or T-cell dependent origin
of a part of IgM+ MBCs (16). Additionally, comparative studies
in B cells are further complicated by the existence of multiple
different phenotypic descriptions and the existence of atypical B-
cell populations associated with both physiological and
pathological processes (Supplemental Table 1).

In general, vaccine trials evaluate immune response in healthy
adults. However, in several health conditions/situations the
immune system is not comparable to that of a healthy adult,
which may have an impact on vaccination efficacy and, in case of
live-attenuated vaccines, also on safety. For example, in the
elderly, B-cell numbers can be lowered and show signs of
immunosenescence, the repertoire is restricted, and protective
responses mostly rely on immunological memory (17). Other
situations in which immune responses may be impaired include,
but are not limited to, patients rebuilding their immune system
after bone marrow transplantation or B-cell depletion,
immunodeficient individuals with impaired cell maturation or
human immunodeficiency virus (HIV)-infected individuals
showing premature signs of immune system aging (5–7). In
such situations, B-cell composition may be altered, and other B-
cell phenotypes, such as exhausted or age-associated B cells, may
get a more prominent place in the B-cell compartment.

The ability to predict vaccination responses in immuno-
compromised individuals is crucial to ensure safety and optimal
protection. Here we set out to determine if this goal can be achieved
by assessing the B-cell compartment by one of multiple available
techniques, e.g. flow cytometry, ELISpot or gene expression analysis.
We reviewed whether B-cell characteristics of immuno-
compromised patients and aged individuals correlated with
vaccination outcomes.
METHODS

Search Strategy
This review was conducted in accordance with the
Preferred Reporting Items for Systematic reviews and Meta-
Analyses checklist (PRISMA) (18). The protocol for this review
can be found in the International Prospective Register of
Systematic Reviews (PROSPERO) under registration number
CRD42021226683 (https://www.crd.york.ac.uk/prospero/
display_record.php?RecordID=226683).

Literature databases of PubMed, Embase, Web of Science,
COCHRANE Library, and Academic Search Premier were
searched using the search strategy provided in Supplemental
Text 1. The search strategy included components for ‘B cells’,
‘vaccination’ and a variety of immunocompromising conditions
affecting the B-cell compartment.

Inclusion and Exclusion Criteria
We included studies that used standard vaccines included in
national immunization programs or travel recommendations.
Studies on novel or anti-cancer vaccines were excluded. B-cell
Frontiers in Immunology | www.frontiersin.org 3164
status at baseline in blood or bone marrow had to be well-
documented, either quantitatively or qualitatively. Studies in
immunocompromised patients with an unaffected B-cell
compartment as well as healthy children, young and middle-
aged adults were excluded. Lack of detectable B cells at the time
of vaccination was another reason for exclusion. Both humoral
and cellular outcomes were eligible for inclusion.

Studies were excluded if no English full text was available. Case
reports, review articles, editorials, meeting abstracts, book chapters
or conference summarieswere excluded aswell. They could however
be used for ‘snowballing’: finding original research articles not
retrieved by the initial literature search. Animal studies were
excluded, as were studies published before 2000. Other reasons for
exclusion included lack of quantitative or functional B-cell defect
(wrong cohort), wrong type of vaccine, wrong timing of vaccination
(e.g. before immunosuppressive treatment), insufficient baseline
details, insufficient follow-up details, wrong tissue or wrong scope
(B-cell data insufficiently discussed).

Specific inclusion and exclusion criteria were added for the
three subtopics (extremities of life, immunodeficiencies, and
immunosuppression). In the extremities of life, term and
preterm infants were maximum 12 months (m) old, and elderly
at least 64 years old. For publications on immunodeficiencies and
immunosuppression, quantitative data of at least two B-cell
subsets or ELISpot data were required. Manuscripts that used
neoantigen vaccination to evaluate B-cell defects or immune
system reconstitution were included only if more than
serological outcomes were reported post-vaccination.

Primary and Secondary Endpoints
The primary endpoint was vaccine efficacy as measured by
qualitative and quantitative changes in B cells, plasma cells and
Ag-specific immunoglobulin (Ig) levels, and their kinetics over
time following vaccination. A secondary endpoint was the
feasibility of the use of neoantigen vaccination to evaluate
immunological defects.

Selection Process
Each article identified by the search strategies in Supplemental
Text 1 was independently screened by two reviewers, first based
on title and abstract, and then on full text. Unanimously selected
studies were included, and unanimously rejected studies were
excluded. Reasons for exclusion were documented. Studies that
were assessed eligible by only one of the reviewers were
reassessed to reach consensus. In addition, the citations and
reference lists from review articles found in the initial search
were checked to ensure that no relevant studies had been missing
in the initial search.

Data Collection Process
Data was extracted from the included studies, using a data
extraction sheet developed by all reviewers and reviewed by co-
authors. The extracted data included article title, authors, country,
year of publication, study design, study cohort(s), type and timing
of vaccination, methods of measurement of baseline B-cell status,
methods of measurement of vaccination response, baseline B-cell
status of study cohort(s), B-cell related post-vaccination outcomes
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of study cohort(s), and correlations between B-cell parameters at
baseline and post-vaccination outcomes.

Risk of Bias Assessment
The risk of bias was assessed by one of the reviewers using the
ROBINS-I tool for non-randomized studies and the RoB 2 tool
for randomized studies (19, 20). This assessment was reviewed
by the other reviewers.
RESULTS

Characteristics of Included Studies
The literature search was performed on 16 December 2020 and
yielded 10,641 results, of which 6,537 results remained after
exclusion of duplicates. 6,117 articles were excluded based on
title and abstract. The full text was retrieved for the 420
remaining articles (101 for extremities of life, 178 for
immunodeficiencies, 142 for immunosuppression). After
evaluation of the full text, 346 additional articles were
excluded. One additional article was included using
‘snowballing’ technique. Thus, 75 articles (13 for extremities of
life, 33 for immunodeficiencies, 29 for immunosuppression)
were selected for final inclusion in this review (Figure 2). For
three topics, (neonates/infant vaccination studies, vaccination
studies in pregnancy and evaluation of the immune system using
a neoantigen), a single or no article met the inclusion criteria.
Therefore, these topics were not reviewed in this manuscript. To
facilitate the reading, we summarized vaccines utilized in
reviewed studies in Supplemental Table 2.

Elderly
Multiple factors influence overall vaccine responsiveness in the
elderly, such as decreased cell numbers, reduced B- and T-cell
repertoire diversity, increased frequency of Ag-experienced cells,
low-grade systemic inflammation and presence of exhausted
immune cells (17, 21–23). In contrast to infants, in the elderly
the immune system mostly relies on memory responses. For the
elderly, pneumococcal and annual influenza vaccinations are
recommended and responses to these vaccines are broadly
discussed in literature. We included 13 publications evaluating
vaccine responses to pneumococcal (polysaccharide) and
influenza (protein) vaccines (Supplemental Table 3). In
contrast to protein vaccines, polysaccharide vaccines trigger T-
cell independent responses (15). Therefore, we have split the
result sections of this review into polysaccharide, protein studies,
and, when appropriate, polysaccharide-conjugate studies.

All studies in the elderly used younger adults as control
group. However, between studies, the age difference between
the elderly and controls differed from as little as 1 year (i.e. <65y/o
and > 65y/o), up to 50 years. The age difference between groups
is indicated in each study description (Supplemental Table 2).
To exclude the impact of factors other than aging, we selected
studies performed in individuals ≥64 years old in whom no or
very limited comorbidities were reported. Studies focused
primarily on pre- and post-vaccination differences between
Frontiers in Immunology | www.frontiersin.org 4165
elderly and younger adults, and the elderly were in general
presumed to be lower responders. Although information about
the impact of baseline status on immune response could be
retrieved, overall correlations with outcome variables were
limited, especially in polysaccharide vaccine studies.

Responses to Polysaccharide Vaccines in Elderly
Six papers describing five different pneumococcal polysaccharide
vaccine (PPV) studies in the elderly were included. In 2/5 studies,
no significant differences were reported between the younger and
older cohort regarding outcome variables (24–26). However,
once only the oldest individuals were compared to the
controls, significant differences were found in one of these
studies (24, 25). Strictness of inclusion criteria varied between
studies. Notably, the study reporting no differences between the
elderly and controls, by Carson et al., had most stringent
inclusion criteria. The overall risk of bias of the studies
evaluating the response to PPV in elderly was low/moderate.

Baseline vaccine-specific Ig serum levels were heterogenous,
with lower (27), comparable (26), or higher (25, 28) serum Ig
levels in the elderly compared to controls. All studies reported
increased vaccine-specific serum Ig levels post-vaccination in the
elderly. For specific IgG serum levels, no differences between the
elderly and controls were found. However, vaccine-specific IgM
and/or IgA production was lower in the elderly post-vaccination
(27, 28). Baseline avidity in the elderly seemed slightly higher,
but was only commented on in one study (significantly higher),
and post-vaccination avidity was comparable to (26) or stronger
than (25) in controls. Lastly, opsonization capacity increased
post-vaccination, but was lower compared to controls (25).

The (total) B-cell repertoire pre- and post-vaccination was
evaluated by Kolibab et al. and Ademokun et al. When measured
by spectratyping, clear changes were observed in total B-cell
repertoire at d7 post-vaccination (after PPV and influenza
vaccination) in both the elderly and controls (28).
Nevertheless, at baseline and d28 the repertoire showed a
reduced diversity in the elderly. Likewise, sequencing data
indicated a lack of diversity even in absence of challenge
(considerable clonality of the switched sequences). This was
confirmed by Kolibab et al., who reported lower frequencies of
somatic hypermutations and decreased oligoclonality in
response to pneumococcal polysaccharides (PPS)4 and 14 (two
PPV serotypes) in elderly (24). In the latter publication, the
authors suggested for certain loci a possible association between
gene utilization and antibody avidity.

Although Ig quantity, quality and diversity were well-covered,
cellular aspects were evaluated to a lesser extent. In the elderly,
total B-cell counts were lower (29) or comparable (25, 26) to
controls, with one study showing a trend towards lower B-cell
counts in the elderly. One study investigated B-cell subsets
instead of total B-cell counts (27). Populations comprising
primarily class-switched (CD20+CD27+IgD-) and non class-
switched (CD20+CD27+IgM+IgD+) MBCs decreased with age
(percentage and absolute cell counts). In contrast, naive B-cell
percentages (CD20+CD27-IgD+) increased with age, although
absolute cell numbers were reduced. In vitro stimulation of B
cells resulted in lower Ig synthesis or plasma cell production in
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the elderly. Aside from this in vitro assay, only one study
reported kinetics of (Ag-specific) B-cell subsets at d7 post-
vaccination. Here, the authors found that Ag-specific B cells in
controls were mostly CD27+IgM+ and in the elderly mostly
CD27+IgM- (29).

Overall, the PPV studies limitedly assessed the impact of B-
cell status on vaccine responsiveness and focused primarily on
differences between age groups. The elderly appeared to have
lower Ig production, lower B-cell counts and reduced B-cell
repertoire diversity, which may result in an overall lower vaccine
responsiveness. Although no direct predictive factors were
deduced from these PPV studies, it is noteworthy that the only
study finding no differences between the elderly and controls had
Frontiers in Immunology | www.frontiersin.org 5166
the most stringent criteria, possibly decreasing the biological age
of the elderly cohort.

Responses to Protein Vaccines in Elderly
Eight studies evaluated responses to protein vaccines in the
elderly; one to diphtheria/tetanus (DT) vaccine, and all others
to influenza vaccine. All studies reported differences between the
elderly and controls in at least one pre- or post-vaccination
outcome variable. Although the overall risk of bias of the studies
was low/moderate, the study by Nipper et al. had a serious risk of
bias, mainly because of the data of this publication being
comprised out of several separate study cohorts (30).
Importantly, reporting methods differed between included
FIGURE 2 | Prisma 2009 Flow Diagram. Overview of the screening process and article selection.
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publications, with some reporting fold changes and others
reporting absolute values.

For influenza vaccination, multiple studies used
neutralization or inhibition assays complementary to or
instead of quantitative Ig detection (Supplemental Table 2).
Only 3/8 studies reported a quantitative Ig readout. For baseline
Ag-specific Ig serum levels, IgG was found to be lower compared
to controls (26), and IgA higher (31). One study reported
responses to influenza vaccination in three consecutive years
and found in two years a higher and in one year a lower baseline
Ig level in the elderly (32). All studies reported increased Ig levels
post-vaccination, but serum IgG was consistently lower
compared to controls (26, 31, 33). For IgM and IgA, serum
levels were significantly (or tended to be) lower compared to
controls too (31, 33). However, when comparing fold changes
instead of absolute increases, no such differences were found for
IgG (26).

Differences in neutralization or inhibition capacity (NIC) of
antibodies pre- and post-vaccination were assessed in 6/8 studies.
Three studies measured baseline antibody NIC in the elderly,
which was lowered (34, 35) or comparable (33) to controls. Post-
vaccination antibody NIC in the elderly was assessed more often,
and was lower [fold change (33), titer (35)] or comparable [fold
change (23), titer (31, 32, 34)] to controls. Interestingly, Abreu
et al. found comparable inhibition titers in the elderly and
controls, but reported a clear bias towards the H1HA vaccine
component (present in vaccine for multiple years) over the
H3HA component (updated annually) in the elderly, but not
controls (32). Additionally, Kurupati et al. measured comparable
neutralizing antibody levels, but reported a delayed increase and
more rapid decay of these neutralizing antibody levels in the
elderly (31).

In contrast to PPV studies, most protein vaccination studies
evaluated cellular kinetics post-vaccination. Three studies
reported total B-cell counts in the elderly, which were lower
(30, 33) or comparable (26) to controls. In 6/8 studies baseline
and/or post-vaccination kinetics of B-cell subsets were
investigated. In general, MBC numbers (percentages or cells/
106 PMBCs) in the elderly were lower (23, 33, 35) or comparable
(30) to controls. Again, naive B-cell percentages were higher (23,
33), but the naive B-cell count (per 106 PBMCs) was lower in the
elderly (35). In one study, phenotypic distinction between naive
B cells and MBCs was doubtful; these counts were not included
in this review (31). In the elderly, baseline plasmablasts
percentages were lower (34) or comparable (30) to controls.
Likewise, plasmablast expansion at d7 was lower (31) or
comparable (33–35) to controls. Interestingly, Kurupati et al.
found a lower plasmablast expansion in the elderly when using
flow cytometry, but not when using ELISpot (31).

In addition, five studies explored specific age-associated B-cell
phenotypes or differences in marker expression between the
elderly and controls. Here, several unique phenotypes were
evaluated, and in four studies correlations with vaccine
responsiveness were reported.

Kurupati et al. reported reduced CD38 expression and loss of
CD27 expression on part of the IgG producing cells (CD20-IgD-
Frontiers in Immunology | www.frontiersin.org 6167
CD27-CD38int) in the elderly, and suggested this may be part of
the immunosenescence process (31). Although no correlation
with vaccine responsiveness was reported, the authors reported a
delayed and less prolonged vaccine-specific Ig serum production
in the elderly.

Next, Nipper et al. investigated vaccine responsiveness with a
special focus on so-called age-associated B cells (CD21-T-
bet+CD11c+) (30). Increased age was associated with expansion
of atypical MBCs (CD10-CD20+CD21-CD27-) and reduced
expression of PAX5 – a key regulator of B-cell identity and
differentiation – and inhibitory molecules CD72 and CD85j on B
cells. Additionally, lower PAX5 expression was associated with
poorer vaccine responses. Lastly, a trend towards higher counts
of atypical age-associated B cells (CD21-T-bet+CD11c+CD27-)
and significantly lower resting MBC numbers (CD10-

CD20+CD21+CD27+) were found in donors who responded
poorly to vaccination.

Frasca et al. studied in vitro and in vivo responses to the
monovalent pandemic (p)H1N1 influenza vaccine in the elderly
(33). The percentage of class-switched MBCs at baseline
correlated with the hemagglutinin inhibition response.
Additionally, the level of AID expression at baseline (upon
CpG stimulation) significantly correlated with in vivo vaccine
responses. Thus, baseline AID expression and the percentage of
class-switched MBCs may have predictive value for the
vaccine responsiveness.

In another study, Frasca et al. reported the response to
trivalent influenza vaccination (23). Here, the authors focused
on the Senescent-Associated-Secretory-Phenotype (SASP),
which may contribute to inflammaging. Significantly higher
percentages of late/exhausted MBCs (CD27-IgD-) were found
in the elderly. Within total MBCs, the late/exhausted MBCs
showed the highest levels for many evaluated SASP markers.
Class-switched MBCs (CD27+IgD-) positively correlated with in
vivo responses, whereas late/exhausted MBCs showed a negative
correlation. Thus, the percentage of late/exhausted MBCs may
have predictive value for vaccine responsiveness.

Lastly, Kannan et al. studied responses to trivalent influenza
vaccination, with focus on the anti-H1N1 response, and reported
a trend towards lower numbers of transitional (CD20+IgD+

CD27+/-CD38+/-), class-switched memory (CD20+IgD-

CD27+CD38-) and double-negative B cells (CD20+IgD-CD27-

CD38-) in the elderly (35). Moreover, the elderly had
significantly lower baseline BTLA (B- and T-lymphocyte
attenuator) expression on B cells, which inversely correlated
with age. High BTLA expression on total mature B cells was
linked to higher IgG and lower IgM vaccine-specific antibody
responses irrespective of age. BTLA expression levels were linked
to a better preservation of neutralizing antibody titers and
improved recall responses. Lastly, the authors suggested that
the decline in BTLA during immunosenescence may contribute
to the lack of sustained antibody responses in the aged and their
reduced ability to mount recall responses.

To summarize; multiple factors with potentially predictive
value for the responsiveness to a protein vaccine (mainly
influenza) were found in the elderly. For serum Igs, different
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patterns were observed for IgG, IgA, IgM or total serum Ig.
Although different factors and B-cell subsets were evaluated,
there was one clear predictor: the ‘age’ of the immune system. In
5/8 studies, a factor that was affected by age was evaluated, and
donors with the least affected B cells showed better vaccine
responsiveness. Although not surprising, these studies hint
towards the assessment of the (baseline) immunological age as
a predictor of vaccine responsiveness.

Primary Immunodeficiency and Common
Variable Immunodeficiency Disorders
Primary immunodeficiency disorder (PID) refers to a
heterogeneous group of inborn disorders characterized by
poor or absent function in one or more components of the
immune system (36, 37). Individuals with a primary humoral
immunodeficiency who meet specific criteria [e.g. ESID criteria
(38)], among which markedly decreased IgG levels in combination
with markedly decreased IgM or IgA levels, are classified as
common variable immunodeficiency disorder (CVID) patients.
Among 33 articles selected for immunodeficiencies, we included 9
studies performed in CVID patients (Supplemental Table 4).
Studies in other PID patients were mostly case reports or did not
meet other inclusion criteria, and therefore were excluded from
this review.

Most (8/9) vaccination studies in CVID evaluated responses
to polysaccharide vaccines. Goldacker et al. additionally
evaluated five peptide vaccines and Gardulf et al. studied
responses to Pandemrix (39, 40). Risk of bias was low in 8/9
studies and moderate in Gardulf et al. because of a substantial
number of study drop-outs (9/57) (39). Most studies reported
substitutive therapy, either with intravenous or subcutaneous Igs,
while 3 manuscripts failed to provide such information
(Supplemental Table 4). Only two studies indicated when
samples were collected in relation to the treatment (39, 41).

Several classifications have been developed to describe the
severity of phenotype in CVID patients (42). These
classifications are either based on the ability to produce Igs
upon stimulation in vitro (London), frequency of major B-cell
subsets (Paris, Freiburg, EUROclass), or presence of defects in B-
cell development (Supplemental Table 5) (43–46). Most of the
here-described studies set out to determine to what extent
classifications are predictive of vaccination responses.

Responses to Polysaccharide Vaccines in CVID
Yazdani et al. evaluated PPV responses in 25 patients and
correlated vaccination outcome with four different CVID
classifications. 22 (88%) patients were hyporesponsive
(evaluated by the increase in vaccine-specific Igs), while 3
(12%) responded normally (42). Among responders two
belonged to MB0 in Paris classification and group Ib in
Freiburg classification, and one to Paris MB1 and Freiburg
group II. In EUROclass classification, one responder was smB-

21low smB-Trnorm, one smB-21norm smB-Trnorm and one smB+

21norm. Finally, two represented B-cell pattern 3 and one B-cell
pattern 4 (Supplemental Table 6). Thus, classifications did not
predict vaccination outcome. Similar conclusions were reached
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by Rezaei et al., who studied responses to meningococcal
polysaccharide vaccine in 12 CVID patients (47). Out of seven
responders (evaluated by serum bactericidal assay; SBA), two
belonged to Freiburg group Ia, three to Freiburg group Ib, and
two to Freiburg group II.

Goldacker et al. studied immune responses to PPV in 21
CVID patients (40). Here, both IgM and IgG responses to 10
PPSs were evaluated. Both IgM and IgG responses were
identified in one patient from Freiburg group Ib (London A,
Paris MB1) and one from Freiburg group II (London C, Paris
MB1), only IgM responses were identified in one patient from
Freiburg group Ib (London B, MB0 in Paris classification), and
only IgG responses in one donor from Freiburg group II
(London C, Paris MB2). In contrast to the above-mentioned
studies, when the sum of all positive serotype-specific IgG anti-
PPS reactions was correlated to the ‘Freiburg’ classification, a
clear pattern emerged in favor of type II patients. This difference
in conclusions seems to originate from a more detailed
evaluation in the latter study. Moreover, only patients with
normal IgM+ MBC percentages (>8%) produced anti-PPS
antibodies. Thus, normal percentages of IgM+ MBCs appeared
necessary, but not sufficient, for an efficient response.

Two bigger studies by Cavaliere et al. and Pulvirenti et al. also
found an association between B cells and vaccination responses
as evaluated by anti-PPS IgAs and/or IgMs (48, 49). In Cavaliere
et al., 10/125 patients had detectable anti-PPS IgM and IgA, 25
only IgM and 2 only IgA. From all evaluated B-cell subsets, non-
responders more often had reduced (<20 cells/ml) IgM+ MBCs
(CD27+IgM+IgD+) and class-switched MBCs (<21 cells/mm3;
CD27+IgM-IgD-). Since the relative distribution of B-cell subsets
was not provided, direct translation to CVID classifications was
impossible. A crucial role of class-switched MBCs in responses to
PPV was further acknowledged by Ko et al. (50). Here, 53
patients were divided into Freiburg group I (33 patients) and II
(20 patients). Group I mounted protective responses only against
median 0.5/12 vaccine serotypes in contrast to 3/12 in group II.

In Pulvirenti et al., 14/74 patients were classified as IgA-
responders (49). Non-responders had an increased frequency of
naive B cells (CD27-CD21+CD38+) and a lower frequency of
class-switched MBCs (CD27+CD21+IgM–) compared to
responders, but no differences in other B-cell subsets.
Interestingly, non-responders belonged to all three Freiburg
classes (IA: 28%, IB: 56%, II: 16%), whereas the responders
belonged to IB (27%) or II (73%) classes only. All responders
belonged to the EUROclass smB+, while non-responders were B-

(9%), smB- (36%), or smB+ (55%). Finally, long-lasting
responders (seropositive after m36 ± 6) had a higher frequency
of class-switched MBCs, in comparison to those, who lost their
IgA response after the first assessment.

A few authors evaluated the impact of other markers on PPV
responses in CVID. Yazdani et al., studied defects in signaling
molecules, resulting in an aberrant B-cell composition, in 10
patients (41). Here, percentages of marginal zone-like
(CD27+IgMhiIgD+) B cells, class-switched (CD27+IgM−IgD−)
MBCs, non class-switched (CD27+IgMhiIgD−) MBCs, total
MBCs and plasmablasts (CD19lowCD21intCD38hiIgM−(+)) were
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significantly decreased in patients, which negatively correlated
with the expression of apoptosis marker Annexin V.
Furthermore, expression of phosphorylated (p) Akt was
reduced in B cells of these patients and correlated with the
level of PPV-specific antibodies. Sharifi et al. found that low
numbers of end-stage MBCs and hyporesponsiveness to PPV in
CVID patients were associated with higher expression of Toll-
like Receptor (TLR) 2 on PBMCs (at baseline and upon
stimulation) (51). This was further accompanied by lower
mRNA expression for myeloid differentiation primary response
88 (MyD88) implying a defect downstream of TLRs.

Responses to Other Vaccines in CVID
Only two studies evaluated immune responses to other vaccine
types in CVID. Gardulf et al. found that 8/48 CVID patients
responded to monovalent influenza vaccine (39). At the time of
CVID diagnosis, non-responders had significantly higher mean
serum IgM levels and lower mean serum IgG1 levels than
responders. No differences were found regarding absolute B-
cell counts, but non-responders had less plasmablasts and more
CD21low B cells. Responders mostly belonged to EUROclass
SmB-Trnorm21low and B-cell pattern 5.

In addition to PPV, Goldacker et al. evaluated responses to
five protein vaccines (40). Protective IgG responses against
hepatitis A or B vaccines (HAV/HBV) were raised in 7 donors
representing all groups in Freiburg (Ia:2, Ib:3, II:2), London (A:1,
B:3, C:3) and Paris (MB0:3, MB1:2, MB2:3) classifications. IgG
responses were rarely observed against recall DT vaccinations,
and 6 patients responded to the Hemophilus polysaccharide–
protein conjugated vaccine. When all positive IgG responses
were considered, they were stronger in Freiburg group II. Again,
most CVID patients with anti-protein vaccination responses had
normal IgM+ MBC counts.

In conclusion, although CVID patients responding to
vaccinations represented different groups in CVID classifications,
seroconversion was most likely in patients with higher MBC
percentages (>0.4%, consistent with Freiburg group II). This
trend was clearer when vaccination responses were evaluated for
different PPS serotypes and included analysis of IgMs and IgAs.

Secondary Immunodeficiency - HIV
Depletion of CD4+ T cells in chronically HIV-positive
individuals is accompanied by intrinsic B-cell defects e.g.
accumulation of activated-mature B cells, exhausted ‘tissue-
like’ B cells, and depletion of resting MBCs (52). Although
nowadays these defects can be mostly reversed by early
antiretroviral therapy (ART), this was not always the case in
the past (53).

Here, we summarized 20 studies performed between 2000-
2018 evaluating immune responses to PPV (n=6), influenza
(n=9) and other protein vaccines (n=5). These studies were
heterogenous regarding the design, size and age of the cohort,
route of infection or duration of treatment (Supplemental
Table 4). While in most studies all patients were on ART,
bigger cohorts also included untreated individuals. All these
factors need to be considered during results interpretation.
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Risk of bias was low in 13/20 studies and moderate in the
remaining 7 (mostly due to confounding).

Responses to Polysaccharide Vaccines in HIV
First, only studies with polysaccharide vaccines will be discussed,
and polysaccharide-conjugated vaccines will be discussed in the
next sub-section. Results will be presented along four major
topics: role of (I) classical and (II) atypical B-cell populations,
(III) pre-existing B-cell memory, and (IV) B-cell repertoire.

There is no consensus regarding the role of baseline B-cell
populations in PPV responses in HIV. From all classical B-cell
subsets, IgM+ and class-switched MBCs are most frequently
discussed. Tsachouridou et al. found that total and exhausted
(CD19+CD21lowCD27-) B-cell counts, but not MBC
(CD19+CD27+) and IgM+ MBC (CD19+CD27+IgMhi) counts,
at baseline correlated with vaccine-specific IgGs in patients four
weeks post-immunization (54). In contrast, correlation between
IgM+ (marginal zone) MBCs, and post-vaccination IgG serotype
coverage and opsonophagocytic killing (OPK) activity was
observed by Eisen et al. in vertically-infected HIV patients.
Also Hart et al. found a positive correlation between baseline
IgM+ MBC (CD19+CD27+IgMhiIgDlow) numbers and post-
vaccination anti-PPS IgMs (55, 56).

Several atypical B-cell subsets in HIV correlated with PPV
responses. In ART-naive patients studied by Abudulai et al., the
baseline proportions of CD21low/- or BTLA+ B cells correlated
negatively with IgG+ antibody secreting cells (ASCs) for three
serotypes. However, in ART-treated patients, the proportions of
CD21low/- B cells correlated positively with the IgG+ ASCs to one
serotype (52). A predictive role of CD21low B cells was also
shown by Eisen et al., who compared responses to PPV in
vertically- and horizontally-infected HIV patients and controls
(56). From the two patient cohorts, significant associations were
found only in vertically-infected patients, who appeared more
affected. CD21low (CD38lowCD21low) B cells correlated negatively
with IgG serotype coverage and OPK activity, and anergic
(CD27-CD21low) cell numbers correlated negatively with both
IgM and IgG serotype coverage and OPK activity post-
immunization. Of the dynamic markers, the strongest positive
correlations were seen between CXCR5 expression (marker of
cell trafficking) and IgM and IgG serotype coverage post-
vaccination and serum OPK activity. Bcl2 expression (marker
of apoptosis) correlated with post-vaccination IgG and IgM
serotype coverage. No consistent relationship was seen between
numbers of other B-cell phenotypes, CD95 and Ki-67 expression
and vaccination outcome.

Two studies evaluated the impact of pre-existing
immunological memory on immune responses to PPV. In
Eisen et al., y1 IgG serotype coverage correlated with d0 IgM
and IgG antibody responses, suggesting a predictive role of
natural immunity (56). In contrast, Farmaki et al. showed no
correlation between baseline anti-PPS IgM+ (CD19+CD10−

CD21hiCD27+IgM+) and class-switched (CD19+CD10−

CD21hiCD27+IgM−) MBC counts and anti-PPS IgG levels at
m1 after PPV (57). Moreover, IgM+ MBCs were significantly
reduced after vaccination.
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Only one study, by Chang et al., set out to determine if
differences in IGHV gene usage between HIV patients and
controls can influence their responsiveness to PPV (58). While
IgG+ B cells from HIV individuals frequently utilized IGHV4
gene family, IGHV3 and IGHV5 were more abundant in
controls. Upon vaccination, IGHV3 was further expanded in
controls, while patients showed more IGHV5.

Although not unanimous, studies in HIV point towards a
positive correlation between IgM+ MBCs and PPV outcome. In
contrast, presence of atypical B-cell subsets, especially CD21low,
seems to be a negative predictor. The role of pre-existing
immunological memory is ambivalent. While baseline antibody
levels appear to be good predictors of long-term protection, this
is not always the case for short-term cellular responses. T-
independent antigens seem to drive pre-existing MBCs into
terminal differentiation without replenishing the MBC pool.
Further differences in IGHV repertoire between patients and
controls, especially underrepresentation of IGHV3 genes crucial
for recognition of PPS, may further affect PPV responses in HIV.

Responses to Polysaccharide-Conjugated
Vaccines in HIV
Three studies investigated correlations between B-cell
parameters and vaccination outcome with conjugated
polysaccharide vaccines. Johannesson et al. subdivided HIV
patients into ART-responders, impaired ART-responders and
ART-naive (59). ART-responders had more class-switched
(CD27+CD38-IgD-IgM-) MBCs and more marginal zone-like
(CD27+CD38-IgD+IgM+) B cells compared to impaired
responders. Furthermore, ART-naive patients had more
transitional (CD27-IgD+IgM+/-CD38+) B cells and plasmablasts
(CD27+CD38+) than other groups. The concentration of
marginal zone-like B cells, class-switched MBCs and
plasmablasts correlated positively with post-PCV IgG
concentrations, of which low concentration of class-switched
MBCs was the strongest independent predictor of poor
vaccine responsiveness.

Farmaki et al., who studied immune responses to PCV (and
PPV 12 months later), quantified baseline levels of PPS-specific
IgM+ (CD10−CD27+CD21hiIgM+) and class-switched (CD10-

CD27+CD21hiIgM-) MBCs and correlated them with PPS-
specific IgGs and class-switched MBCs after each vaccination
(57). For PCV, such positive correlation was found between
baseline PPS-specific IgM+ MBCs and both PPS-specific class-
switched MBCs and anti-PPS IgGs.

Milagres et al. reported that both conventional and atypical B-
cell subsets predicted vaccination responses to conjugated
men in go co c c a l v a c c i n e ( 6 0 ) . E xh au s t e d B c e l l s
(CD27−IgD−CD21−CD38+) as well as short-lived plasmablasts
(CD27+IgD−CD21−CD38+) were increased in ART-treated HIV
patients and negatively associatedwith vaccine-induced SBA levels.

In conclusion, in contrast to PPV, PCV responses seem to
mostly depend on baseline class-switched MBC levels, which is
in line with the T-cell dependent character of B-cell responses
elicited by PCV. Furthermore, upon T-cell dependent
stimulation, PPS-specific MBCs seem to re-enter germinal
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centers and to differentiate into class-switched MBCs, which
results in positive correlations between pre-existing
immunological memory and vaccination responses. Finally,
similar to PPV, abundance of atypical B-cell subsets correlates
with poor vaccination responses.

Responses to Influenza Vaccines in HIV
Influenza viruses are associated with significant morbidity and
mortality in HIV-infected children and adults (61, 62). Thus,
several studies set out to determine the effect of abnormal B-cell
maturation and activation in HIV on the magnitude, quality and
memory of the immune response to various influenza vaccines.

Curtis et al. studied responses to monovalent influenza
vaccination in HIV-infected children and adolescents (63).
Among classical B-cell subsets, resting MBCs (CD21+CD27+)
correlated positively and transitional B cells (CD21-CD27-CD20-)
correlated negatively with B-cell memory (pH1N1 IgG ASCs) after
the second vaccination dose. Additionally, transitional B cells
correlated negatively with antibody avidity. Among atypical
subsets, activated (CD38+HLADR+) B cells correlated negatively
and activated immature B cells correlated positively with B-cell
memory after second dose, while tissue-like B cells (CD21-CD27-

CD20-) correlated negatively with antibody avidity. More
responders were found in the older adolescents than in children,
which was associated with pre-existing memory due to previous
influenza encounters.

Rinaldi et al. investigated the impact of HIV and age on
immune responses to (trivalent) influenza vaccine in adults (64).
Surprisingly, young HIV patients showed severe signs of
immunosenescence, i.e. increased frequencies of double-
negative B cells (IgD-CD27-) and high expression of activation
markers CD80 and PDL1 on B cells. Frequencies of CD80+ naive
B cells correlated inversely with the H1N1 titer fold change,
suggesting a negative impact of immune activation on vaccine
responses in this group. Finally, baseline plasmablast frequencies
positively correlated with H1N1-specific spontaneous ASCs at
d7. Time under ART showed negative correlation with
immunological abnormalities.

Other B-cell aberrancies observed in HIV such as increased
expression of inhibitory receptor FcRL4 (65) or elevated
frequencies of cycling (Ki-67+) and apoptotic (Annexin V+) B
cells (66) did not correlate with influenza vaccination outcome.

Several studies showed that also early B-cell responses may
discriminate between vaccination responders and non-
responders. In two separate studies, Pallikkuth et al. evaluated
immune responses to monovalent influenza vaccination in a
small cohort of patients and controls (67, 68). Although the
distribution of B-cell maturation stages at baseline differed
between patients and controls, no differences were found
between responders and non-responders among the patients.
However, after vaccination only controls and responding
patients showed an increased proliferation and expansion of
MBCs and plasmablasts. Additionally, responders showed
elevated levels of BAFF and APRIL (promotors of B-cell
activation and Ig production), as well as IL-21 (secreted by
CD4+ follicular helper T cells) upon vaccination. The latter
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was confirmed by Parmigiani et al. (65). When B-cell receptors
for these soluble factors were evaluated, it turned out that at
baseline non-responders had lower frequencies of BAFF-R and
TACI-expressing MBCs than responders. After vaccination,
BAFF-R+ B-cell frequencies decreased and TACI+ B-cell
frequencies increased in controls and responding patients, but
not in non-responding patients. H1N1 antibody titers correlated
inversely with BAFF-R+ B cells and MBCs and positively with
TACI+ B cells and MBCs at d28. IL-21R+ B cells were not
significantly different between responders and non-responders
at baseline, but increased at d28 in responders, which directly
correlated with H1N1-specific antibodies. Moreover, cells from
non-responding patients failed to respond to IL-21 in culture.
Furthermore, Cagigi et al. found a reverse correlation between
the baseline frequencies of IL-21R–expressing B cells, mature-
activated (CD10-CD21-) and double-negative (CD27-IgD-) B
cells, which were more frequent in non-responders (69).

Further studies by Cagigi et al. revealed hampered
upregulation of AID in untreated HIV patients at m1 post-
vaccination (70). Here, in vitro AID fold increase upon activation
directly correlated to the in vivo anti-A(H1N1)pdm09 antibody
increase at m1, and the maximum expression level of AID was
significantly higher in individuals with protective antibody levels
after six months. Thus, the ability of cells to upregulate AID can
predict vaccination responsiveness.

Several studies investigated if immunological memory from
previous antigen encounters can influence immune responses to
influenza vaccine in HIV. Curtis et al. found that individuals who
were seropositive at baseline (titer ≥1:40) had significantly higher
IgG ASC levels upon monovalent influenza vaccination than
seronegative participants (titer <1:40) (63). However, this was in
contrast with Luo et al., who showed a reverse trend.
Noteworthy, in the second study all participants had protective
baseline Ab levels (titer >1:40), and responses seemed to reflect a
plateau effect of vaccine-induced fold changes of antibody
responses (66).

Wheatley et al. extended the evaluation of pre-existing
memory by cellular analysis (71). Although patients and
controls raised similar Ig levels upon vaccination, post-
vaccination frequencies of MBCs against vaccine strains were
significantly higher in controls. The magnitude of MBCs induced
post-vaccination was proportional to their initial frequencies at
baseline, while the impact of pre-existing serological responses
varied for MBCs against different vaccine components.

In summary, extensive studies on influenza vaccine responses
in HIV confirmed observations from previous vaccination
models (positive role of MBC levels, negative role of
transitional and exhausted/tissue-like B-cell levels) and
extended them by demonstrating a (mostly) negative impact of
activated B-cell subsets. Furthermore, here-reviewed
manuscripts pointed at the potential role of in vitro studies
(responses to IL-21, upregulation of AID upon stimulation) in
predicting vaccination outcome. Regarding the role of pre-
existing immunological memory, positive correlation between
pre- and post-vaccination Ag-specific Ig levels seemed to exist
only within a certain titer range and reaching protective Ig levels
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was not always accompanied by effective MBC responses. Finally,
age, treatment and disease duration seemed to have an important
modulatory role on top of HIV diagnosis.

Responses to Other Protein Vaccines in HIV
A few groups investigated immune responses to tetanus and
hepatitis A or B vaccines in HIV. Only a limited number of
correlations between baseline B-cell composition and
vaccination responses was found. Weinberg et al. investigated
primary immune responses to HAV in a large cohort of HIV-
infected children on ART (72). From all investigated B-cell
subsets, total B-cell percentage at baseline was the strongest
predictor of vaccination responses (HAV antibody titer after
second vaccination dose). Additionally, children who mounted
HAV cell-mediated immunity (proliferative responses upon
stimulation), had higher HAV antibody levels and MBCs
percentage upon vaccination. In Van Epps et al., resting MBCs
at baseline correlated with anti-tetanus Ig levels at w12 post-
vaccination, while only a trend was found for HAV (53). Finally,
Paris et al. showed no role of classical B-cell subsets, or
CCR7hiCXCR5hi,or CCR7hiCXCR5low B-cell subsets at baseline
in predicting responses to HBV (increase in vaccine-specific
IgGs) (73). Noteworthy, in these studies predictive role of
MBCs was mostly found for recall, but not for primary responses.

Responses to Vaccination in Asplenia
Asplenia can be an inborn condition or a result of surgical
procedures e.g. due to an accident or underlying disease. In
health, the spleen maintains a pool of MBCs and is a major
source of IgM+ marginal zone-like B cells protecting against
encapsulated bacteria (74). Therefore, most vaccination studies
in asplenia focused on responses to bacterial polysaccharides.
Among here-discussed studies, three had low, and one had
moderate risk of bias.

Wasserstrom et al. studied patients splenectomized due to
autoimmune conditions (n=19) and hereditary spherocytosis
(n=6) vaccinated with PPV (75). In comparison to controls,
both splenectomized cohorts had fewer MBCs (total, CD27+IgM-

IgD- and IgM+), which was statistically significant for the
autoimmune group. Although splenectomized patients tended
to have higher concentrations of anti-PPS IgGs at baseline (due
to previous vaccinations), overall IgG responses upon
immunization were comparable in patients and controls. In
contrast, anti-pneumococcal IgMs were comparable at baseline,
but less expanded in autoimmune patients upon vaccination.
Despite an obvious defect in MBCs and IgM antibody responses
in autoimmune patients, there was no direct correlation between
anti-PPS IgG or IgM responses and CD27+IgM+ or class-
switched MBC numbers.

Rosado et al. revealed differences in responses to PPV and
PCV administered before and/or after splenectomy (76). 57
splenectomized adults and 11 children received PPV, and 10
children received PCV. Although splenectomy did not alter
serum anti-PPS IgG concentration, the number of PPS-specific
IgM+ and IgG+ MBCs was reduced in PPV-vaccinated individuals.
Only in children, who received PCV after splenectomy, the
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number of PPS-specific IgG+MBCs was similar to that of pediatric
controls. Thus, PCV, but not PPV, administered after splenectomy
could restore IgG+ PPS-specific MBCs.

Papadatou et al. investigated adults with b-thalassemia and
asplenia vaccinated with PCV and in the past with PPV (77).
PPS-specific IgGs were detected in all patients before and
significantly increased upon vaccination. At baseline, all study
participants had detectable IgM+ and IgG+ MBCs against at least
one serotype. PPS-specific IgG+ MBCs, but not PPS-specific
IgM+ MBC numbers, increased significantly upon vaccination.
IgG+ and IgM+ MBC numbers, as well as IgG levels on d28,
negatively correlated with number of previous PPV doses and
positively with time since last PPV dose. This finding that
multiple PPVs result in lower numbers of PPS-specific MBCs
is in accordance with the hypothesis that the PPS antigens drive
pre-existing PPS-specific class-switched MBCs into terminal
differentiation without replenishing the MBC pool.

Finally, Giesecke et al. investigated tissue distribution of
human Ag-specific MBCs, using responses to DT vaccine (78).
In steady state, the spleen was the largest reservoir of tetanus
toxoid (TT)–specific MBCs. After revaccination, controls,
splenectomized and tonsillectomized individuals exhibited
comparable emergence of anti-TT IgGs, TT-specific plasma
cells, and TT-specific MBCs in blood. Moreover, molecular
characteristics of TT-specific plasma cells were unaffected,
despite reduced frequency of, mostly IgD+, peripheral blood
MBCs in long-term splenectomized patients.

Overall, splenectomized patients seemed to have normal
serological IgG responses to vaccination, but hampered IgM
and MBC responses. IgG+ MBCs could be restored by protein,
but not polysaccharide, antigens. Thus, proper evaluation of
vaccine efficacy in splenectomized patients may require both
serological and cellular analysis. Although no correlations were
found between baseline B-cell subsets and vaccination outcome,
it is important to realize that none of these studies was performed
in patients with inborn asplenia, who present with a more
severe phenotype.

Immunosuppressive Treatment
Immunosuppressive treatment is prescribed for a variety of
indications, e.g. autoimmune or malignant diseases, which by
themselves already affect the immune system and vaccination
responses. Therefore, it may be challenging to distinguish
treatment effect from disease effect. However, certain study
designs allow for this distinction, such as the inclusion of
untreated or placebo-treated patients as controls. In such
designs, any difference in vaccination response could be
attributed to the only different condition: the administered
treatment. Additionally, studies identifying immune patterns
for vaccine (non-) responders are suitable for analysis in this
review. However, when a study compares treated patients with
healthy controls, it is difficult to distinguish treatment effect from
disease effect. Therefore, results from these studies should be
interpreted with caution. Nevertheless, they still provide valuable
information on possibly predictive immune biomarkers for
vaccination responses, and provide insight in the extent to
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which immunosuppressed individuals are able to mount
normal immune responses. In addition to these challenges
concerning study design, risk of selection bias is a very
prevalent problem, as the start of treatment rarely coincides
with the inclusion in the study.

In this section, we included all immunosuppressive agents or
treatments directly or indirectly affecting (a part of) the B-cell
compartment. We aimed to describe alterations in the B-cell
compartment after immunosuppressive treatment, and how they
correlate with attenuated vaccination responses. The 29 articles
included for this topic have been subdivided according to type of
treatment or indication: I) (allogeneic) hematopoietic stem cell
transplantation (HCT) (n=6), II) rituximab (n=7), III)
chemotherapy (n=7), IV) organ transplantation (n=5), and V)
autoimmune diseases (n=6). In 7/29 studies, T-cell independent
PPV responses were studied and in 27/29 studies T-cell
dependent vaccination responses were studied. Due to limited
inclusion of publications reviewing polysaccharide responses,
they were summarized in one final paragraph. An overview of
all included articles can be found in Supplemental Table 7.

Response to Protein and Protein-Conjugated
Vaccines in Patients After Allogeneic Hematopoietic
Stem Cell Transplantation (HCT)
Common indications for allogeneic HCT include malignant and
non-malignanthematologic diseases. Prior toHCT,patientsundergo
a conditioning regimen (either myeloablative or non-myeloablative)
that ablates the bone marrow, resulting in an immunocompromised
state (79). Afterwards, immunosuppressive agents are often
prescribed to prevent graft versus host disease (80). This results in a
compromised immune system, that takes time to reconstitute (81).
Six articles on the immune response in patients after HCT were
included. These publications generally report heterogeneous study
cohorts with both malignant and non-malignant indications, and a
wide variety of immunosuppressive drug combinations, varying in
mechanism of action and intensity.

Five articles that compared vaccination responses between
patients and healthy controls frequently found a significantly
poorer vaccination response in patients (82–86). Roll et al.
distinguished responders and non-responders and found that
non-responders were generally on a heavier immunosuppression
regimen (87). In one study, patients with SCID (severe combined
immunodeficiency) responded either poorer or similar to healthy
controls, depending on the type of SCID (82). Here, vaccination
outcome appeared primarily attributable to the type of
underlying molecular defect, and not to any immune parameters.

However, in all other studies baseline immune parameters
seemed predictive of vaccination responses in patients. Higher
MBC numbers distinguished responders from non-responders in
two studies (83, 87). Likewise, MBC (both class-switched and
non class-switched) counts or percentages were lower in patients
in two other studies (84, 85). Additionally, Avetisyan et al. found
that patients had fewer influenza-specific B cells as measured by
ELISpot at baseline (86).

Naive B cells discriminated responders from non-responders in
one study (87). Another study found higher baseline plasmablast
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numbers in patients, whose response was poorer than healthy
controls (84). However, in the latter study, the patient cohort was
rather heterogeneous regarding indication for HCT, graft versus
host disease occurrence, and immunosuppressive treatment.

In summary, higher levels of MBCs (class-switched and non
class-switched) in this cohort are likely to correlate with a better
vaccination response. The same might hold for a higher
frequency of naive B cells, influenza-specific B cells, and a
lower frequency of plasmablasts.

Response to Protein and Protein-Conjugated
Vaccines in Rituximab-Treated Patients
Rituximab specifically depletes CD20+ B cells, which means that
any vaccination studies regarding B cells can be performed only
after at least partial B-cell recovery (88). Seven studies reporting
the effect of rituximab on the immune response were included.

Since rituximab is often administered in addition to other
immunosuppressive agents, in a variety of conditions, it is
difficult to isolate rituximab treatment effects. One placebo-
controlled study in rituximab-treated patients reported
attenuated responses to a neoantigen, but not to recall antigens
(89). However, another placebo-controlled study did find
attenuated responses to recall antigens in rituximab patients, as
did four other studies with a slightly less suitable design (90–94).
Only one study did not find differences in vaccination responses
between patients and healthy controls, although baseline B-cell
profiles were very similar in this study (95).

In this group, a critical role for MBCs was established as well.
Remarkably, all studies found that MBC counts or percentages
were reduced in rituximab-treated patients compared to controls
(89–95). Three of them were however not able to correlate this
lack of MBCs to a poorer antibody response: Puissant-Lubrano
et al. and Pescovitz et al. found that MBC counts did not
distinguish responders from non-responders, while Cho et al.
found normal antibody responses despite a lack of MBCs in
patients (89, 92, 95). As patient antibody responses were
relatively normal in these studies, they might have been
insufficiently powered to detect these correlations.

Although MBCs did not reconstitute in any study, some
studies reported naive B-cell reconstitution. Two studies
reported low naive B-cell counts in combination with poorer
antibody responses. One of them found that higher naive B-cell
counts distinguished responders from non-responders (91). Cho
et al. reported higher transitional B-cell percentages in patients,
although antibody responses were not different from healthy
controls (95).

Additionally, some singular findings were reported. Pescovitz
et al. reported that in a neoantigen vaccination setting, rituximab
impairs class-switching up to the first booster vaccination (89).
Nazi et al. found that rituximab patients had more plasmablasts
than placebo-controls, while they responded poorer to
vaccination (90). Higher total B-cell numbers were found by
Eisenberg et al. to distinguish responders from non-
responders (91).

In summary, limited correlations between baseline B-cell
parameters and vaccine responses were found in this cohort,
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but that might be due to heterogeneity of additional
immunosuppressive treatment within study cohorts. In general,
it can be concluded that rituximab hampers antibody responses
to neoantigens and recall antigens, and that higher MBC
numbers are likely correlated with a better antibody response.
Additionally, there might be a predictive function for higher total
or naive B-cell counts, and lower plasmablast counts.

Response to Protein and Protein-Conjugated
Vaccines in Patients Treated With Chemotherapy
Although chemotherapy can consist of different agents,
intensities, and durations, a common side effect is
immunosuppression (96). Seven studies in patients using
chemotherapy were included. In these studies inclusion of a
placebo treatment would be unethical. Regardless, differences
within patient groups or between responders and non-
responders might still be of value in our analysis. One study
did use a T-cell dependent influenza vaccine, but only assessed
T-cell responses to this antigen and is therefore not included in
this section (97). It is however included in the polysaccharide
section, as it did evaluate B-cell responses for PPV.

Two studies reported adequate vaccine responses in
immunosuppressed acute lymphoblastic leukemia (ALL)
patients compared to controls (98–100). However, Ek et al.
reported that high-risk patients, who received the heaviest
immunosuppression, were less successful in mounting a
memory response (99). Two other studies, in either AML
patients or ovarian cancer patients, reported lower geometric
mean titers or seroconversion rates than in healthy controls,
although their patient cohort was rather heterogeneous
regarding immunosuppression intensity (101, 102).

Kersun et al. also performed a study in ALL patients, and
found that patients vaccinated during induction therapy instead
of later phases of chemotherapy had higher MBC counts, likely
correlating with an increase in influenza-specific antibody titers
(r=0.19) (103). Although Koskenvuo et al. described a similar
lack of MBCs in ALL patients, they did respond normally to PCV
(98). Another study, in AML patients, found that MBC counts
were significantly higher in responders (104). This was
corroborated by Reilly et al. who reported lower MBC counts
in AML patients compared to controls, in combination with a
poorer antibody response (102). Chu et al. reported lower MBC
counts in ovarian cancer patients as well, in combination with
lower seroconversion rates than in healthy controls (101).

Subnormal levels of naive B cells in patients were reported
only by Koskenvuo et al. and Reilly et al., with the former
reporting normal antibody responses and the latter poorer
antibody responses (98, 102). On the other hand, total B-cell
counts might be predictive of influenza-specific responses in
patients using chemotherapy. Kersun et al. reported a positive
correlation between total B-cell counts and antibody titers
(r=0.23) (103). Two other studies described a lack of total B
cells in combination with a lower antibody response (101, 102).
However, in a PCV setting, Koskenvuo et al. reported reduced
total B-cell numbers in patients, but normal antibody
responses (98).
September 2021 | Volume 12 | Article 690328

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Diks et al. B-Cell Phenotype and Vaccination Responses
Singular findings were reported in this group as well. Ek et al.
reported normal vaccine responses despite low CD5- B-cell
counts in ALL patients (99, 100). Goswami et al. ran an
extensive flow cytometry panel and reported decreased CD86+

B-cell populations, but increased transitional B cells, in non-
responding AML patients compared to healthy controls (104).

In conclusion, it is difficult to separate disease and treatment
effects in patients on chemotherapy. ALL patients appear to
respond rather well to vaccination. However, in an influenza
vaccination setting higher total B-cell and MBC counts
distinguished responders from non-responders.

Response to Protein and Protein-Conjugated
Vaccines in Patients With Post-Transplantation
Immunosuppression
After solid organ transplantation, immunosuppressive therapy is
often administered to avoid graft rejection. In this case, ‘disease
effect’ is negligible, as the act of transplantation itself is unlikely to
be the cause of altered vaccination responses, although an immune
reaction against the graft might occur. Therefore, valid inferences
can still be made in less strict designs, such as comparing patients
to healthy controls. However, immunosuppressive treatment
might still be very heterogeneous among patient cohorts. Five
post-transplantation studies were included.

Struijk et al. found that kidney transplant patients were unable
to mount a response against neoantigen immunocyanin, whereas
healthy controls could (105). The mycophenolate sodium (MPA)-
treated group was unable to mount a recall response to TT, but
other patient groups (treated with cyclosporine or everolimus)
were, despite varying levels of pre-existing Ag-specific IgG levels.
Cowan et al. and Egli et al. also described a poorer response in
patients than in healthy controls (106, 107). The other two studies,
although heterogeneous regarding cohort constitution (underlying
condition and treatment), found contradictory results as their
patient cohorts responded comparably to healthy controls (85, 92).

MBCs were reduced in patients in two studies, although this
coincided with a poorer antibody response in only one study (92,
105). However, the other study used a more heterogeneous
cohort (92). Similarly, naive B cells were reduced in patients in
two studies, of which one reported a poorer response (85, 105).
Again, the study reporting normal responses had a
heterogeneous patient cohort (85).

Total B-cell numbers, which were reduced in patients,
correlated to the anti-TT response in Struijk et al. (r=0.38) (105).
A reduced number of total B cells was also found in Puissant-
Lubrano et al. (92). In other studies, a few singular findings were
reported. Cowan et al. reported low plasmablast numbers in
patients, combined with poor ELISpot and antibody responses
(106). Egli et al. found that patient-responders had a significantly
higher HLA-DR and CD86 expression at baseline across all B-cell
subsets (107). Puissant-Lubrano et al. reported normal antibody
responses in patients, despite lower CD5+ MBC numbers (92).

The heterogeneity of here-described studies hampered
identification of strong vaccination outcome predictors. In a
randomized trial, Struijk et al. concluded that patients on post-
transplantation immunosuppression were unable to mount
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normal humoral vaccination responses to neoantigens. Higher
total B-cell numbers and plasmablasts might contribute to an
adequate recall response, as well as activated B-cell subsets.

Response to Protein and Protein-Conjugated
Vaccines in Autoimmune Patients Using
Immunosuppression
In contrast to transplantation settings, the disease impact on
vaccination responses cannot be ignored in autoimmune
diseases, in which the immune system is considered abnormal
even without immunosuppressive treatment. Six studies
described such cohorts, although one assessed only PPV
responses and is therefore not included in this section (108).

Vaccination responses in patients were attenuated in two
studies (109, 110), and normal in two others (111, 112).
Noteworthy, the latter study cohorts were very heterogeneous
regarding immunosuppressive treatment.

In general, baseline B-cell parameters were less predictive of
vaccination responses in this group. Bingham et al. reported
higher MBC percentages and better vaccination responses in
BAFF-inhibited patients compared to methotrexate-only
patients (113). However, Salinas et al. reported higher amounts
of non class-switched MBCs in anti-TNF-treated patients, who
responded worse than healthy controls (110). Although
Kamphuis et al. found lower amounts of MBCs in patients
than in healthy controls, vaccine responses were normal (112).

More naive and immature B cells were found in the poorer
responding methotrexate-only group by Bingham et al. (113). On
the other hand, Salinas et al. reported lower naive B-cell numbers
in patients who responded poorer than healthy controls (110).

ELISpot data at baseline did not correlate to vaccination
responses in patients with autoimmune diseases. Kobie et al.
reported similar baseline numbers of influenza-specific cells
between patients and controls, although vaccination responses
(both humoral responses and plasmablast induction) were worse
in patients (109). Neither did Heijstek et al. find any correlation
between baseline ELISpot data and vaccination responses (111).

Salinas et al. furthermore reported an impaired degree of
somatic hypermutation in B cells of anti-TNF-treated patients,
who responded poorer to vaccination than healthy controls to
neoantigen HBV (110). Kamphuis et al. performed extensive
flow cytometry, and found that although MBCs and natural
effector B cells were significantly reduced, nearly all patients
mounted adequate antibody responses (112).

In summary, patients with autoimmune diseases who use
immunosuppression tend to mount impaired responses to
vaccination. Naive and immature B-cell counts or ELISpot data
did not predict vaccination responses. Also, MBCs appeared less
predictive in this patient group. Impairment in somatic
hypermutation might attenuate neoantigen responses.

Responses to Polysaccharide Vaccines in
Immunosuppressed Patients
Seven studies in immunosuppressed patients investigated PPV
responses, of which one in chemotherapy, one in post-
transplantation, and five in autoimmune patients.
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In 5/7 studies, an attenuated humoral anti-PPV response in
patients was reported, compared to either healthy controls or
untreated patients (90, 97, 105, 108, 110). A normal response was
found in rheumatoid arthritis patients by Bingham et al., who used
a randomized placebo-controlled design (113). Kamphuis et al. also
found normal vaccination responses in sarcoidosis patients
compared to healthy controls, but the treatment variety in this
cohort might have been too large to detect differences in vaccination
responses that could be attributed to immunosuppressive
treatment (112).

The effect of chemotherapy on PPV responses was evaluated
by De Lavallade et al. in chronic myeloid leukemia (CML)
patients on a tyrosine kinase inhibitor (97). Median pre-
vaccination anti-pneumococcal IgG levels were higher in
patients, whereas anti-pneumococcal IgM levels were lower
both pre- and post-vaccination. Responding patients had
significantly more non class-switched and class-switched MBCs
than non-responders. Non class-switched MBCs positively
correlated with anti-pneumococcal IgM titers post-vaccination.

Struijk et al. evaluated a cohort of immunosuppressed kidney
transplant recipients (105). Total, naive and memory B cells were
lower in patients than in healthy controls, and lowest in MPA-
treated patients. Pre-vaccination PPV-specific IgG levels were
lowest in MPA-treated and cyclosporine-treated patients, who
both responded significantly worse to PPV than healthy controls,
whereas the everolimus-treated group was able to mount a
normal response.

In both studies, MBCs appeared predictive of a humoral anti-
PPV response. High quality evidence for a predictive role of total
and naive B-cell numbers was provided by Struijk et al., who
conducted a randomized controlled trial.

Five studies in patients with autoimmune diseases were
included, but the heterogeneity in immunosuppressive
treatment is rather extensive. A major limitation of these study
cohorts is that the disease effect on vaccination responses cannot
be ignored, and only placebo-designs or within cohort
comparisons might allow for valid inferences.

Pre-vaccination Ig levels were assessed by all studies, of which
only two compared these levels to controls (110, 113). These two
studies did not find any significant differences in pre-vaccination
IgG titers between untreated/placebo-treated and treated patients.

Regarding cellular data, 4/5 studies reported absolute baseline
B-cell counts, and 2/5 studies reported relative B-cell subset
percentages. Higher baseline naive B-cell counts were associated
with a higher post-vaccination titer in two studies (90, 110). One
study, in which similar vaccination responses were mounted
despite a difference in naive B-cell percentages, contradicted this
result (113).

MBCs appeared less predictive of anti-PPV responses in
immunosuppressed autoimmune patients. One study reported
lower MBCs in combination with lower vaccination responses
(90), whereas two reported a difference in MBCs but not in
vaccination responses (112, 113), one reported higher non class-
switchedMBCs in combination with lower vaccination responses
(110), and one reported higher class-switched MBCs in
combination with lower vaccination responses (108).
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One study reported that higher plasmablast amounts were
associated with lower vaccination responses (90). Another
reported impaired somatic hypermutations in anti-TNF-treated
patients, in whom vaccination responses were also poorer (110).

Kamphuis et al. studied many B-cell populations by flow
cytometry (112). However, the studied sarcoidosis patient group
was highly heterogeneous regarding type and intensity of
immunosuppressive treatment, making it difficult to draw clear
conclusions regarding the predictive value of B-cell baseline data.
They found significantly reduced numbers of IgM+, IgG+, and
IgA+CD27+ MBC, CD21lowCD38low anergic B cells and natural
effector B cells, whereas CD27−IgA+ B-cell numbers were
significantly increased in patients. Despite these differences,
nearly all patients managed to mount an adequate antibody
response to all vaccines.

To summarize, this limited amount of evidence shows that it
is likely that immune responses to PPV are mainly determined
by naive B cells, and to lesser extent by MBCs. Pre-existing
immunity appears to be of inferior importance in PPV responses.
DISCUSSION

Here we reviewed 75 manuscripts that evaluated the impact of
baseline B-cell status on immune responses to vaccination with
the ultimate goal to identify parameters predictive of vaccine
efficacy. In our search, we covered a range of conditions within
three major topics: extremities of life, immunodeficiency
and immunosuppression.

Despite a comprehensive literature search, we were unable to
compare studies on vaccination responses in pregnancy and
infants as for both topics only one study fulfilled inclusion
criteria (85, 114). Similarly, no studies in PIDs or using
vaccination with neoantigens to evaluate the immune system
fulfilled the inclusion criteria. Lack of baseline information,
wrong study cohort and wrong study scope were the most
frequent reasons for exclusion. Furthermore, several studies
were excluded because they did not report results of a control
group, therefore preventing objective assessment of B-cell
aberrancies and their correlation with vaccination responses.

Extremities of life were represented by studies in the elderly,
immunodeficiencies by CVID, HIV and asplenia, and the
immunosuppressed group was relatively diverse. Noteworthy,
studies in the elderly were excluded if any (major) comorbidities
were mentioned. Although this approach was the most reliable to
evaluate the impact of aging, data may not be fully representative
of a general aging population in which co-existing diseases are
frequent and influence the biological age. On the contrary, in other
evaluated conditions, we included patients from different age
groups. Since age, disease duration and type of medication may
influence vaccination responses, we reported these parameters
whenever they could influence data interpretation. Direct
comparisons between publications were hampered by differences
in population definitions, use of different vaccine efficacy readouts,
but also ways of reporting the data (absolute numbers (cells or
units/mL), absolute increases and fold changes). Although not the
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scope of this study, these differences would hinder meta-analysis.
Overall, we found several B-cell factors influencing vaccination
responsiveness with a potential for vaccine efficacy monitoring.
Three topics spanned all sections: (I) lack of or reduction in end-
stage B cells, (II) presence of phenotypically aberrant cells, and
(III) impact of pre-existing immunological memory to a given
antigen. In Figure 3 we summarize parameters and assays which
may have a predictive role in evaluating vaccination efficacy in
immunocompromised individuals.

Overall, reduced MBC numbers prior to vaccination seem to
be the most common predictor of poor vaccination outcomes
(23, 27, 30, 40, 48–50, 55, 59, 83, 85, 91, 93, 94, 97, 102–104, 110).
Depending on the situation, this role can be assigned to total,
non class-switched MBCs or class-switched MBCs. While non
class-switched (IgM+, marginal zone-like) MBCs have been
shown to be involved in responses against polysaccharides,
their ambivalent role in-between the studies may be attributed
to diverse phenotypical definitions of this subset or heterogeneity
of study cohorts (97, 115). Although MBC numbers are mostly
used to classify CVID patients, low MBC numbers are also
observed in chronically infected HIV patients and in patients
using immunosuppression. In the latter case, MBC numbers
often remained low, even if naive and total B-cells had
reconstituted already, and patients struggled to mount
adequate vaccination responses. Unfortunately, a clear cut-off
value, above which vaccination responses would be successful, is
difficult to define. The range of MBC numbers or percentages in
Frontiers in Immunology | www.frontiersin.org 15176
vaccine responders and non-responders largely overlapped.
Studies in CVID revealed that some patients can undergo
seroconversion with <0.4% MBCs. These low numbers of
MBCs are hardly ever observed in other conditions. Moreover,
impaired somatic hypermutation processes or class-switching
may hamper vaccine responses as well (24, 89, 110).

Although only a limited number of primary vaccination
studies have been included in this review, primary vaccination
responses rather depend on total or naive B-cell numbers as this
is the pool from which Ag-specific cells are recruited (72,
105, 110).

Several atypical B-cell subsets have been described to correlate
with poor vaccination responses. These were mostly classified
either as exhausted or activated and were frequently described
during aging, immunodeficiencies and autoimmunity (23, 30, 31,
52, 53, 56, 63, 64, 112, 116). Again, phenotypic description
of exhausted/tissue-like MBCs differed in-between studies,
but low expression of CD21 and/or simultaneous lack of CD27
and IgM/IgD were frequently described (Supplemental Table 1).
A study in elderly reported that these cells had reduced
proliferation and effector functions, were transcriptionally
and metabolically active, and secreted pro-inflammatory
cytokines (23).

Immunological memory exists in the form of Ag-specific
MBCs, antibody-secreting plasma cells and their products,
antibodies. In the majority of recall vaccination studies with
protein antigens, levels of Ag-specific antibodies and MBCs at
FIGURE 3 | Overview of B-cell parameters predictive of vaccine efficacy. The different evaluation levels (serum-, cell- or molecular-based) are indicated in the rows,
whereas the different B-cell parameters are indicated in the columns. Proposed detection techniques are shown in the yellow boxes. Blue boxes contain the general
conclusions per parameter. Positive impact is indicated with green arrows (and a plus-symbol), while negative impact is indicated with red arrows (and a minus-
symbol). In the ‘B-cell composition’ column, colors show general trends in polysaccharide and protein vaccines, whereas in the ‘aberrant phenotype/additional
markers’ column, colors indicate in which vaccination settings markers were evaluated. PPV, pneumococcal polysaccharide vaccine; ELISA, Enzyme-Linked
Immunosorbent Assay; HAI, hemagglutinin inhibition; OPK, opsonophagocytic killing; SBA, serum bactericidal assay; ELISpot, Enzyme-linked ImmunoSpot; w/o,
without; esp., especially; RT-PCR, reverse-transcriptase polymerase chain reaction; RT qPCR, real-time quantitative polymerase chain reaction; BCR, B-cell receptor.
September 2021 | Volume 12 | Article 690328

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Diks et al. B-Cell Phenotype and Vaccination Responses
baseline seemed to positively correlate with vaccination outcome,
at least within a certain titer range (55, 56, 58, 59, 66, 86). These
pre-existing Ag-specific Igs and MBCs seemed to reflect the
ability of the immune system to generate protective responses.
Additionally, upon consecutive antigen encounters, Ag-specific
MBCs from previous responses re-enter germinal centers to
replenish the MBC pool. This situation is more complex for
vaccination with polysaccharide antigens, when re-stimulated
Ag-specific MBCs seem to undergo terminal differentiation
without replenishing the MBC pool (57). Papadatou et al. even
found a negative correlation between previous PPVs and
immune responses to PCV (77). In line with this, Musher et al.
reported that individuals who received PPV first and PCV later,
responded worse than individuals who received PCV first and
PPV later (117). Noteworthy, the ability to produce protective
antibody titers is not always reflecting the ability to effectively
generate MBCs, e.g. in splenectomized patients, MBC formation
may be hampered despite unaffected antibody responses. Thus,
both parameters should be measured to reliably assess
vaccination outcome (76, 77). Conversely, whether the
presence of MBCs in the absence of presumably protective
antibody titers is sufficient for effective responses upon re-
exposure is a viable question in the light of current SARS-
CoV-19 pandemics (118).

In line with the presence of exhausted B cells, in multiple
vaccination studies in elderly and HIV patients, individuals with
more signs of immunological aging had lowered vaccine
responses. Thus, baseline assessment of immunological age
may predict vaccine responsiveness. Aside from the already
discussed readouts, other methods may be used as alternative
or complementary assays, such as the in-depth assessment of the
B-cell repertoire or the kappa-recombination excision circles
(KRECs) to determine the number of cell divisions that the
naive B-cell population has undergone (13). Likewise, in vitro
assays performed on fresh or frozen material, as performed in
some of the reviewed publications, may give an impression of
overall B-cell responsiveness (68, 70). Alternative assessments
could include evaluation of B-cell responsiveness upon
stimulation, e.g. by analysis of calcium-flux or phosphorylation
of signaling molecules. However, these analyses require proper
standardization and generation of reference data (12, 16, 119).

While certain parameters (frequency of MBCs, presence of
exhausted B cells, pre-existing memory) were evaluated for
several vaccine types, other characteristics were only studied in
one specific model. Therefore, it is difficult to assess to which
extent these characteristics are generally applicable for
monitoring. Still, we identified an interesting set of markers, of
which the utility for predicting vaccine responsiveness may be
further investigated. Again, while certain correlations were
shared by different patient groups, we also found conflicting
findings. One example is the baseline frequency of activated B
cells, which were positively correlating with vaccine responses in
two studies involving immunosuppressed patients, but
frequently negatively correlating with vaccine responses in HIV
patients. Unification of markers used to define B-cell activation
status might verify such contrasting findings.
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Most vaccinations are administered early in childhood and
boosted later in life. Since here-reviewed studies were mostly
referring to booster responses, their heavy dependence on pre-
existing MBCs is not surprising. As mentioned in several
reviewed articles, these types of responses can be influenced
by so called original antigenic sin, which implies that the
development of immunity against pathogens/Ags is shaped
by the first exposure to a related pathogen/Ag (120). We, and
others, have recently observed that the type and magnitude
of an immune response to a pertussis booster vaccine is heavily
dependent on the type of priming and stronger in case of a
whole cell vaccine as compared to an acellular vaccine (Diks et al.,
manuscript submitted) (121–123). Additionally, in case of e.g.
respiratory pathogens, natural encounter results in IgA responses,
which can be boosted upon vaccination (12, 124). In this case,
evaluation of IgA responses may complement the detection of
IgG responses as vaccine read-out (32, 48, 49, 124). This may be
even more relevant for (alternative) vaccination routes, e.g.
administration via mucosal surfaces.

In this review, we focused on the role of B-cell status in
predicting vaccine efficacy. However important, prediction of
vaccination safety may be even more crucial. Despite
comprehensive literature search, we did not find any studies
evaluating live-attenuated vaccines in immunocompromised
individuals. This is understandable for ethical considerations.
However, it is reasonable to assume that vaccination with live-
attenuated vaccines will be safer in these patients who generate
effective responses to other vaccine types. Although we intended
to include a section on the use of neoantigen vaccination to
define B-cell defects and thus predict vaccination responses, we
were unable to include any publications on this subject.
However, we believe that this is an important topic for future
research, with clear clinical applications. Vaccination with a
neoantigen can provide in-depth insight into both quantitative
and qualitative B-cell defects. The main advantage of using a
neoantigen over recall vaccine antigens is the ability to assess
primary immune responses next to booster responses. The
immune response to neoantigens would not rely on the
remaining immunological memory from previous encounters,
but fully depend on the current status of the immune system. In
this way, a comprehensive overview of the functionality of the
immune system can be obtained, treatment can be personalized,
and vaccination responses can be predicted.

Despite covering a broad range of conditions, we are aware
that the current review does not exhaust the topic. Multiple other
factors can have an impact on B-cell composition and therefore
vaccination responsiveness. These can be other autoimmune
diseases, latent viral infections (e.g. EBV, CMV), alcoholism,
but also less obvious factors such as gender, race, the season of
the year, psychological stress or nutritional status (125–133).
Neither covered by the scope of the review are all aspects of T-cell
and innate cell immunity, which may severely influence
vaccination responsiveness. Nevertheless, we believe that the
selection made here shows the major trends and will inspire
new studies on B-cell monitoring for better evaluation of
vaccine efficacy.
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B lymphocytes are multitasking cells that direct the immune response by producing pro-
or anti-inflammatory cytokines, by presenting processed antigen for T cell activation and
co-stimulation, and by turning into antibody-secreting cells. These functions are important
to control infection in the liver but can also exacerbate tissue damage and fibrosis as part
of persistent inflammation that can lead to end stage disease requiring a transplant. In
transplantation, immunosuppression increases the incidence of lymphoma and often this
is of B cell origin. In this review we bring together information on liver B cell biology from
different liver diseases, including alcohol-related and metabolic fatty liver disease,
autoimmune hepatitis, primary biliary and primary sclerosing cholangitis, viral hepatitis
and, in infants, biliary atresia. We also discuss the impact of B cell depletion therapy in the
liver setting. Taken together, our analysis shows that B cells are important in the
pathogenesis of liver diseases and that further research is necessary to fully
characterise the human liver B cell compartment.

Keywords: B cell, liver, liver fibrosis, biliary atresia, paediatric liver disease, liver diseases
INTRODUCTION

Liver disease is responsible for approximately 3.5% of deaths worldwide, with liver cirrhosis being the
11th most common cause of morbidity (1). As a consequence, there is high demand for donor livers
for transplantation, the only effective current treatment. This makes the liver the second most
frequent solid organ transplanted, with less than 10% of liver transplant needs being met (1); the
discovery of alternative treatments is therefore essential in reducing the global demand for donor
livers. In recent years, therapies which manipulate the immune system, an underlying factor in many
disease settings, have reported efficacy in the liver (2). These approaches require an in-depth
understanding of how cells of the adaptive immune response contribute to the progression of disease.
B cells play a central role in the protection against pathogens, whilst also contributing to immune
regulation and the maintenance of self-tolerance. B cells are also known to contribute to the
pathogenesis of autoimmune disorders through the production of autoantibodies, antigen
presentation and the secretion of pro-inflammatory cytokines (3, 4). The role of B cells in other
chronic liver diseases is less clear. In this review, we will discuss descriptions of liver B cell subsets and
how they may contribute to inflammation in the liver, with possibilities for therapeutic intervention.
org September 2021 | Volume 12 | Article 7291431183
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Patel et al. B-Cell Subsets in Liver Diseases
B CELL DEVELOPMENT AND
DIFFERENTIATION

B cells develop from haematopoietic stem cells (HSCs) in the bone
marrow and progress from pro-B cell stages (expressing
CD45 isoform B220) to pre-B cell stages (expressing CD19)
(Figure 1) (8). The formation of the pre-B cell receptor
(pre-BCR) involves the rearrangement and assembly of heavy
and light immunoglobulins chains (8). B cells that possess a
non-functional BCR are then deleted and those with an
autoreactive pre-BCR either undergo apoptosis or receptor
editing to produce a functional BCR (8, 9). These B cells further
develop into immature B cells that express immunoglobulins (Ig)
M and IgD. Immature B cells undergo another checkpoint where
their BCR reactivity against autoantigens is monitored; B cells with
high autoreactivity or low autoreactive BCRs are either deleted or
undergo receptor editing to produce a functional BCR (10).
Activation-induced cytidine deaminase (AID) is important in
central B cell tolerance; Meyers et al., showed that there was an
increase in the frequency of autoreactive clones, exiting the bone
marrow, in AID-deficient patients (11). Developing B cells from
humanized mice, deficient in AID expression failed to remove
autoreactive clones displaying a vital role for AID expression in
central B cell tolerance (12). Immature B cells with an autoreactive
BCR, expressing recombination-activating gene 2 (RAG2)
undergo secondary recombination to produce a non-
autoreactive BCR (12). Those B cells with non-autoreactive
BCRs then exit the bone marrow into the periphery and are
termed transitional B cells (13, 14).
Frontiers in Immunology | www.frontiersin.org 2184
Transitional B cells are defined as CD19+ CD24hi CD38hi
CD77- and express surface IgM (sIgM) and surface IgD (sIgD)
(15). CD19+ CD24hi CD38hi populations also contain
regulatory B cells (B-regs) which control the immune response
through interleukin (IL)-10 and transforming growth factor b
(TGF-b) secretion (16, 17). Transitional B cells migrate to
secondary lymphoid organs (SLO) where they mature into
naïve B cells, defined by CD19+ CD27- IgM+ IgD+ (CD24+
CD38-/low) waiting to encounter an antigen (5, 18, 19). If naïve
B cells do not encounter their cognate antigen, they re-circulate
back into the periphery and die within several days (5).

Upon antigen recognition, naïve B cells become activated and
either differentiate to IgM-producing plasma cells as part of the
extrafollicular response, where they form short-lived plasma cells
(6) or enter secondary lymphoid tissues where they encounter T
cells in the T cell zone. B cells that are co-stimulated by T cells
enter B cell follicles where they differentiate into proliferating
centroblasts forming a germinal centre (GC) (Figure 1) (20).
Centroblasts rapidly proliferate in the dark zone of the germinal
centre and somatic hypermutation (SHM) enters point
mutations into the variable region genes. In the light zone,
now differentiated to centrocytes (21), the B cells undergo
selection based on affinity of their BCR. Centrocytes sample
antigen from the surface of follicular dendritic cells and present it
to follicular helper T cells (TFH) to undergo selection (22).
Centrocytes may regain entry to the dark zone for further
receptor editing or to undergo class-switch recombination
(CSR) and leave the GC as memory B cells or as precursors to
long-lived plasma cells (23).
FIGURE 1 | B cell development stages. B cells develop in the bone marrow from haematopoietic stem cells (HSCs), progressing from pro-B cell stages to pre-B cells
before migrating into the circulation as transitional B cells. Upon antigen recognition, activated B cells migrate to secondary lymphoid organs and enter germinal centres
where they undergo clonal expansion and somatic hypermutation (SHM) within the dark zones (DZ). B cells with disadvantageous mutations die by apoptosis whereas
those B cells with improved receptor affinity interact with follicular dendritic cells (FDC) and T follicular helper cells (TFH), in the light zone (LZ). B cells undergo class switch
recombination (CSR) and receive survival signals to differentiate into memory B cells and long-lived plasma cells (PCs) (5). Naïve B cells can differentiate into short-lived
plasma cells through extrafollicular responses (6). Naïve B cells can also differentiate into age-associated B cells (ABCs) upon stimulation (7).
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Based on their IgD, CD27, CD38 and CD24 expression B cells
can be separated into subpopulations of naïve and memory B
cells. Common proteins that are used to identify B cell subsets are
listed in Table 1. Unswitched memory B cells express IgM and
CD27 on their surface, classical switched memory B cells are
IgD- CD27+ and IgD- CD27- B cells, referred as double-negative
(38, 57–60). This cell type is increased in inflammation caused by
autoimmunity (58) or infection (61). Memory B cells that
encounter antigen proliferate rapidly and mount a robust
immune response (62). CD19+ CD24-/low CD38hi IgD-
CD77- PBs are terminally differentiated B cells capable of
secreting high affinity antibodies (15). PBs leave the GC and
circulate in the blood to the bone marrow or to further target
organs, where they further differentiate into long-lived plasma
cells (PCs) (CD138+) that receive survival signals from their
niche (62–65).

B cells with an exhausted memory-like phenotype are
expanded in the peripheral blood of the elderly and are termed
age-associated B cells (ABCs) (60). ABCs are characterised as
Frontiers in Immunology | www.frontiersin.org 3185
CD19+ CD21lo CD11b+ CD11c+ and express the transcription
factor, T-bet (60, 66–68). CD21 low B cell populations are likely
to be heterogeneous and can show distinct stages of
differentiation in different diseases. In SLE, they have been
described as antibody secreting cells with germline-encoded Ig
genes likely to belong to the extrafollicular response (69) while in
other diseases, such as rheumatoid arthritis they have been
described as memory B cells (70). This novel population of B
cells has been found within the memory pool, contributing to
inflammation associated with ageing, (‘inflammaging’) through
the production of tumour necrosis factor-alpha (TNF-a) (60,
66). ABCs can be stimulated via BCR triggering or toll-like
receptor (TLR) ligation to secrete pro-inflammatory cytokines
(71, 72). Activation of ABCs also induces their differentiation
into antibody secreting cells which may contribute to
autoimmunity (72). Rubstov et al., showed that CD24- CD38-
B cells are present at the onset of autoimmunity and that
autoimmune mice depleted of CD24- CD38- B cells, had
reduced number of autoantibodies, suggesting that this
TABLE 1 | Common proteins that are used to differentiate B cell subsets.

Marker Function Reference

CD1d May enable B cells to present antigens to invariant NKT cells
Expressed in naïve and memory B cells, in plasma cells and in regulatory B cells

(24)

CD5 Negative regulator of BCR signalling
Protects B cells from apoptosis after BCR stimulation
Supports B cell survival via IL-10 production

(25)

CD10 Role in pre-B cell maturation and differentiation (26)
CD11b Forms part of the complement receptor 3 present on the surface of B cells (27)
CD11c Integrin, alpha X (complement component 3 receptor 4 subunit) (ITGAX) found on activated B cells (27)

Expressed on age-associated B cells (28)
Marks memory cells, precursors of antibody-secreting cells (29)

CD19 Co-receptor required for BCR signal transduction (30)
Cooperates with CD21 for BCR-independent signalling (31)

CD20 Pan-B cell surface marker for mature B cells
Lost during terminal B cell differentiation

(32)

Regulator of calcium flux triggered by BCR
Required for optimal B cell responses to T-independent antigens

(33)

CD21 B cell co-receptor required to enhance BCR signalling, complement receptor (34)
CD24 On activated B cells, CD24 facilitates CD4+ T cell clonal expansion via co-stimulation (35)

Role in the regulation of B cell development (36)
CD27 Promotes the differentiation of memory B cells into plasma cells (37)

Marker of B cell activation/memory (38)
CD38 Involved in B cell differentiation (39)

Crosslinking of CD38 to the BCR reduces the threshold for B cell activation (40)
CD44 May play a role in antigen-dependent B cell differentiation (41)

Interacts with the polysaccharide hyaluronan (HA) in the extracellular matrix (42)
CD45 Central regulator of BCR signalling (43)
CD77 GC B cell entering apoptosis (CD77+) (44)

Marker of GC B lymphocytes (45)
Discriminator of centroblasts (CD77+) and centrocytes (CD77-) (46)

CD80/CD86 Co-stimulatory molecules (47, 48)
CD138 Syndecan 1, regulates the survival of plasma cells and long-term humoral immunity (49)
FcRL4 Expressed on the surface of a subset of memory B cells (50, 51)

Expressed on the surface of atypical memory B cells (52)
Potential function in mucosal immunity (53)

FcRL5 Expressed on the surface of atypical memory B cells (52)
Novel IgG receptor, inhibits BCR signalling
May have a dual signalling capacity (CD21 co-engagement may result in B cell activation)

(54)

T-bet Promotes the survival of memory B cells and IgG2a isotype switching (55, 56)
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population plays a major role in the progression of
autoimmunity (67, 73). A related population of B cells
expressing the IgA receptor FcRL4 in the inflamed synovial
tissue expresses RANKL and TNF in the inflamed synovium of
patients with rheumatoid arthritis (50, 53, 74).
B CELLS IN LIVER DISEASE

The liver is the largest internal organ with a remarkable ability to
regenerate upon acute liver damage (75). Dual blood flow to the
liver is supplied by the hepatic artery and portal vein, the latter
accounting for over 80% of the liver’s blood supply that has
passed through the spleen and gut (76). The liver is constantly
exposed to gut-derived bacterial products, environmental toxins
and food antigens and needs to maintain tolerance in order to
prevent an over-active immune response resulting in hepatocyte
damage (77–80). Frequent exposure to gut-derived toxins and
antigens requires the liver to possess strong innate immune
defences despite its constant state of immune tolerance (80–83).
However, the liver can shift to a responsive state if an immune
response is required (75, 77, 82, 84).

Acute hepatitis (liver inflammation) resolves upon the
clearance of the pathogen or upon elimination of the cause of
injury. Failure to clear the infection and resolve the inflammation
results in the dysregulation of liver homeostasis and the
progression to fibrosis (Figure 2) (76). Persistent liver insult
can cause chronic inflammation and damage to hepatocytes,
which can lead to cirrhosis, the major cause of mortality in
chronic liver diseases (CLD) (85, 86). Patients with CLD are also
at a higher risk of developing liver cancer (87).
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B cells represent up to 50% of intrahepatic lymphocytes in
mice with a higher expression of CD5 (88, 89). Novobrantseva
et al., showed a role for B cells in fibrosis using carbon
tetrachloride (CCL4) injections in mice deficient of B cells. B
cell deficient mice showed a reduction in fibrotic deposition after
6 weeks of CCL4 injections when compared to wild-type mice,
via accumulation of macrophages that contribute to fibroblast
stimulation (88). B cells can contribute to collagen deposition by
inducing the differentiation of hepatic stellate cells into
myofibroblasts, via the production of IL-6 (90). In humans, B
cells only account for 8% of the intrahepatic lymphocyte
population (76).

Cirrhotic patients will eventually require a liver transplant.
Orthotopic liver transplantation (OLT) requires chronic
immunosuppressive therapy that can cause post-transplant
lymphoproliferative disorders (PTLD) (91). Epstein-Barr virus
(EBV) is associated with 60-70% of B cell PLD cases in patients
on immunosuppressives (92). The suppressed immune system
can no longer control the proliferation of EBV-transformed B
cells (92).

Liver Inflammation in Children
Paediatric immune composition differs to that of adults (93).
Dendritic cell and regulatory T cell numbers and functions are
decreased in neonates (94). Neonates also have enhanced pro-
inflammatory Th17 T cell responses and differences in the Th1/
Th2 ratios, all of which could contribute to liver disease (94). The
B cell compartment has not been widely characterised in
neonatal livers. Duchamp et al., showed significant changes in
B cell composition from birth to five years of age in peripheral
blood (95). CD27+ IgM+ IgD+ memory B cells formed the
FIGURE 2 | Progression of liver disease. Healthy liver can regenerate after acute injury however, persistent injury to the liver results in hepatocyte damage,
inflammation and fibrosis. Persistent insult to the fibrotic liver may progress to cirrhosis.
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largest compartment of B cells in the periphery of paediatric
samples (95). B cell populations in paediatric livers remain to be
thoroughly examined.

Neonates have incomplete development of the intrahepatic
biliary tree and narrow bile ducts which affect the flow of bile and
the production of mature bile acids (96). Infants may also have
immature hepatocytes that are unable to detoxify and protect the
liver from harmful substances (97). Stellate cells were shown to
be increased in neonatal rats and they underwent
myofibroblastic activation quicker than adult rat stellate cells
(98). These may contribute to the rapid progression of liver
disease in infants. Examining the B cell compartment in neonates
may elucidate immune mechanisms that may contribute to liver
disease progression.

We know that some liver diseases are specific to neonates
(biliary atresia (97) and others that affect both neonates and adults
(non-alcoholic fatty liver disease (NAFLD), autoimmune hepatitis
(AIH), primary sclerosing cholangitis (PSC)) however, the
differences between paediatric and adult hepatic immunity are
poorly understood and not widely studied (96). Few studies have
looked at differences in paediatric and adult NAFLD. These studies
have found that neonatal NAFLD progressed more rapidly
compared to adult NAFLD (99). Furthermore, paediatric
NAFLD can be categorised into 2 phenotypes; adult-type (type 1
non-alcoholic steatohepatitis (NASH)) and paediatric-type (type 2
NASH) depending on histology (99, 100). Portal inflammation is
mainly seen in children with NAFLD compared to lobular
inflammation seen in adults (100). Adults have pericellular
fibrosis whereas paediatric NAFLD show portal-periportal
fibrosis (100). These discrepancies in histological features may
contribute to the rapidly progressing NAFLD in children.

AIH in children presents with a more aggressive course
compared to adults. Higher prevalence in females occurs in
both paediatric and adult AIH (101). Infants and young
children tend to present with type 2 AIH with IgA deficiency
and raised levels of IgG (102). Those children with type 2 AIH
that are positive for anti-liver kidney microsome type 1 (LKM1)
have elevated bilirubin levels and can develop acute hepatic
failure within 2-8 weeks of disease onset (102).

B Cells in Alcohol Related Liver Disease
Alcohol related liver disease (ArLD) is associated with excessive
consumption of alcohol causing hepatocyte damage and major
shifts in metabolism leading to the retention of fat known as
steatosis (86, 103, 104). Cessation of alcohol consumption at the
point of early fibrosis and steatosis can reverse ArLD (105, 106).
However, continued alcohol abuse can lead to the development
of alcoholic steatohepatitis which progresses ultimately to
cirrhosis (105–107). The toxic effects of acetaldehyde (the
breakdown product of alcohol) cause enhanced lipogenesis
resulting in the accumulation of fat molecules in the liver.
Continued liver inflammation results in hepatic fibrosis and
the formation of scar tissue which disrupts cellular
formation (104).

ArLD patients have an altered B cell compartment; significant
reductions in immature, memory and naïve B cells were reported
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in these patients, whilst the percentage of PBs were elevated
(103). This increase in PBs may be responsible for high levels of
IgA, IgG and IgM in ArLD. It can be hypothesised that a decline
in regulatory B cells promotes the release of pro-inflammatory
cytokines contributing to the exacerbation of inflammation,
further activating immune cells and reducing the inhibitory
function of regulatory B cell types (103, 108).

Programmed cell death ligand 1 (PD-L1), constitutively
expressed on activated B cells, is the ligand for programmed
cell death receptor 1 (PD-1) (109) and interaction between
PD-1 and PD-L1 modulate immune responses (110).
Kasztelan-Szczerbinska et al., showed a prevalence of PD-1/
PD-L1 positive B cells in ALD females when compared to
female controls. CD19+ PD-L1+ cells from female ALD
patients correlated significantly with all conventional markers
of inflammation (109). Sex hormones have been described to
influence immune responses. There is evidence that oestrogen
can regulate the immune response by modulating B cell function
and impairing negative selection of high affinity auto-reactive B
cells (111). Females with ArLD also present with elevated titres of
circulating immunoglobulins and a variety of autoreactive
antibodies (109). Steatohepatitis patients with more advanced
disease have reduced numbers of sIgM+, soluble IgG+ (sIgG+)
and soluble IgA+ (sIgA+)-reduced memory B cell numbers and
increased sIgA+ class-switched memory B cells when compared
to healthy controls (103, 108). In addition, alcoholic patients that
show no sign of liver disease have a significant expansion of
peripheral blood PBs and elevated sIgA+ memory cells (103).

Exposure to alcohol induces immune dysfunction and studies
in human and animal models of ArLD show a decrease in B cell
numbers (103, 107, 108). An impairment of B cell egress from the
spleen to the blood, may account for the reduction in peripheral
B cells (103). Despite this decline in B cells, ArLD is defined as an
IgA-driven disorder with an increase in IgA complexes, and
peripheral blood mononuclear cells (PBMCs) isolated from
cirrhotic patients secrete significantly higher levels of IgA that
correlate with serum IgA levels (103, 108). Deposition of IgA was
observed in different organs and tissues in ArLD patients (103).
Factors required for IgA class-switching, such as TGF-b were
elevated in chronic ArLD patients together with a T-cell response
from T-helper type 2 (Th2) cells (103).

A variety of toll-like receptors (TLRs) are expressed by B cells.
TLR ligation activates B cells and is also required for B cell
survival, antigen presentation and the production of cytokines
and antibodies (112). In alcoholic cirrhosis, TLR-9 activated B
cells were associated with a rise in IgA (80). However, Massonnet
et al., noted a significant decrease in TLR-9 mRNA expression
level in PBMCs from AC patients compared to healthy controls
(108). Response to TLR stimulation was diminished in B cells
isolated from alcoholic cirrhotic patients whereas, B cells from
healthy controls produced IgA upon stimulation with CpG
(103). However, B cells isolated from alcoholic cirrhotic
patients exhibit an increase in IgA production when stimulated
with CpG or R848, a TLR-7 agonist, compared to healthy
controls (103). CpG-stimulated B cells, from cirrhotic ArLD
patients, secreted more IgA, which may be due to the direct
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stimulation of B cells (108). B cells from ArLD patients, secreted
a mean of 45 times more IgA in the absence of any stimulation
compared to B cells from healthy controls (103). These studies
show that TLR activation drives liver B cell responses in ArLD.

Alcohol has the ability to downregulate the expression of tight
junction proteins permitting the transposition of bacterial
constituents and causing a dysbiosis of gut flora, which may
contribute to enhanced inflammation due to the presence of
higher quantities of dangerous endotoxins (104). Altered
intestinal permeability and bacterial translocation is often seen
in ArLD patients (103, 107, 108). Impaired intestinal
permeability results in the circulation of lipopolysaccharide
(LPS), which was increased in the blood of ArLD patients
(105, 106). LPS can activate immune cells via TLR-4 ligation
resulting in further inflammation and damage to hepatocytes in
ArLD (86, 105). Furthermore, alcoholic patients have elevated
circulating levels of lipopolysaccharide binding protein (LBP)
(103, 108). LBP elicits an immune response upon binding LPS,
contributing to the inflammatory milieu and hepatocyte damage
(105). LPS may trigger the migration of peripheral B cells
towards gut-associated lymphoid tissue (GALT). Almeida
et al., suggested that chronic alcoholic patients had increased
numbers of GALT-derived sIgA+ B cells. This was supported by
a significantly higher predominance of IgA+ memory B cells and
IgA+ PBs in the peripheral blood of patients (103). In addition,
they showed that peripheral blood sIgA+ memory B cells have
GC-independent responses, similar to gut lamina propria IgA-
producing cells, suggesting that this B cell population is the
peripheral counterpart of gut lamina propria IgA-producing B
cells (103). These results indicate that LPS, derived from the gut
due to alcohol-induced intestinal permeability, could activate
immune cells and initiate an inflammatory cascade, further
exacerbating inflammation in ArLD.

Increased bacterial translocation results in chronic
inflammation which coupled with alcohol abuse, damages
hepatocytes (86, 107). Almedia et al., showed a reduction in
circulating B cell numbers in ArLD patients; this may be due to
alcohol-induced apoptosis of B cells (107). Hepatocyte and
leukocyte damage was also mediated by reactive oxygen species
(ROS) and acetaldehyde production (a product from the
breakdown of alcohol), which destroys cell membranes (86).
Bcl-2; a protein that regulates apoptosis, was strongly expressed
on B cells in ArLD patients, correlating with the degree of portal
and lobular inflammation (107). Significant volumes of cellular
debris were produced due to Bcl-2-mediated B cell apoptosis and
ROS-induced damage to hepatocytes and biliary epithelial cells
(BECs). The release of cellular debris and intracellular proteins
from cell debris may activate autoreactive B cells. ArLD patients
had autoantibodies against modified liver, suggesting a
dysregulated antibody response or impaired negative selection
of B cells (105). This may be due to a breakdown in tolerance and
a reduction in overall B-reg function.

25-60% of ArLD patients showed the presence of several self-
recognising antibodies: mostly antiphospholipid, anti-nuclear,
anti-dsDNA and anti-ssDNA (106). These autoantibodies arise
due to alcohol-induced oxidative stress which damages cell
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structures and activates antigen presenting cells (APCs), which
recognise haptens; a form of toxic metabolite (106). APCs induce
the activation of T cells, which detect both self and non-self
proteins, activating B cells to generate antibody secreting cells
that release antibodies against proteins and haptens (106). TFH
cell numbers were reduced in the blood as a result of excessive
alcohol consumption (105). This may be due to the migration of
TFH cells to local GC-like structures where they select the
survival of B cells, allowing their differentiation into memory B
cells and to high affinity antibody producing PCs, which are
increased in ArLD patients.

To summarise, excessive alcohol consumption results in the
breakdown of alcohol into acetaldehyde (Figure 3). This
metabolite induces inflammation and damages cell membranes
resulting in the exposure of cellular debris. Alcohol consumption
also deregulates the gut barrier allowing bacterial translocation of
LPS and other gut-derived pathogens, resulting in the secretion
of inflammatory mediators which damage hepatocytes (113).
Intracellular antigens from cell debris are engulfed by APCs and
are presented to autoreactive T cells that become activated upon
antigen recognition; B cells are activated as a consequence of T
cell activation, migrate to the GC where they proliferate and
differentiate into class-switched memory B cells and antibody
secreting cells, with the aid of TFH cells. Increased
immunoglobulin secretion ensues, forming immune complexes
and further activating the immune response leading to
liver injury.

Non-Alcoholic Fatty Liver Disease
Fat accumulation in the liver causes a range of conditions
described as non-alcoholic fatty liver disease (NAFLD) (114).
NAFLD can progress from the abnormal retention of lipids in
the liver (steatosis) to non-alcoholic steatohepatitis (NASH),
where lipid retention is accompanied with hepatic
inflammation (114, 115). NASH patients have varying degrees
of fibrosis, initiated due to the inflammatory damage of
hepatocytes inducing their apoptosis (86). Fibrosis develops to
cirrhosis with the eventual requirement of a liver transplant (114,
115). NAFLD patients frequently present with extrahepatic
conditions such as obesity, type 2 diabetes, cardiovascular
diseases and osteoporosis (115, 116). NAFLD/NASH patients
have persistent injury to the hepatocytes due to ROS, lipotoxicity
and the secretion of inflammatory mediators from immune
cells (115).

The pathogenesis of NAFLD is considered to be a ‘two-hit’
theory; first-hit is the excessive lipid influx and/or a reduction in
lipid clearance due to abnormal liver lipid metabolism and the
second-hit is the inflammatory process (117), which leads to
lobular and portal inflammation and infiltration of activated
immune cells (115). Patients with NAFLD had altered hepatic
lymphocyte compartments (114), and increased B cells (117) that
were associated with disease severity (118). Ectopic lymphoid
structures with B cell and T cell aggregates are seen in ~60% of
patients with NASH, these aggregates correlate in size and
prevalence with lobular inflammation (116). B cells may be
involved in fibrosis through the production of inflammatory
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mediators that stimulate hepatic stellate cells, these cells support
liver B cell survival and maturation into plasma cells (116).
Isolated B cells from the visceral adipose tissue (VAT) of obese
mice show elevated production of pro-inflammatory cytokines
whilst a lack of B cells improves fat-induced inflammation (116),
suggesting that B cells play an important role in the progression
of NAFLD to NASH.

Obese people have altered distribution of adipose tissue.
Obesity promotes B cell activation, an early event in the
development of experimental NASH animal models,
contributing to the progression of steatohepatitis (115). In
mice, mesenteric adipose tissue (MAT), located between the
gut and liver, affects the liver by secreting inflammatory
cytokines, adipocytokines and releasing free fatty acids (FFA)
that reach the liver via the portal vein (119). B cells from high fat
diet (HFD)-fed mice produce IgG and promote epididymal
adipose tissue (EAT) inflammation (119). The release of
cytokines from inflamed adipose tissue combined with ROS
production from dysregulated hepatocyte lipid metabolism,
contribute to the progression from steatosis to NASH (86).
Intestinal permeability was compromised in NAFLD allowing
bacterial translocation and inducing the activation of hepatic
inflammatory cells. Patients with NAFLD had elevated serum
levels of endotoxin compared to healthy controls (118). Bacterial
translocation and LPS promote hepatic inflammation, lipid
Frontiers in Immunology | www.frontiersin.org 7189
accumulation and hepatocyte damage (86, 118). Furthermore,
hepatic B cells encourage local inflammatory responses when
stimulated with LPS (80).

ROS and hepatocyte apoptosis result in the expulsion of
hepatocyte cellular debris, inducing antibody production from
B cells as a consequence. NAFLD/NASH patients had raised
titres of IgG against oxidative stress-derived epitopes (OSE).
Patients with increased anti-OSE IgG had a higher prevalence of
fibrosis and/or cirrhosis with elevated serum levels of interferon
gamma (IFN-g) (115). PBs upregulate MHC class II as a result of
B cell activation in NASH, suggesting that they have a role in
presenting OSE to T cells that become activated and contribute
to NASH progression (115). Aggregates of B and T cells were
observed in 63% of NASH liver samples correlating with the
severity of lobular infiltration and enhancement of fibrosis (115).
These aggregates were also linked to an increase in anti-OSE IgG
titres (115).

To summarise, NASH arises as a result of lipid accumulation
within the liver which results in inflammation and fibrosis
(Figure 4). Activation of various immune cells and the
secretion of inflammatory mediators damages hepatocytes,
further activating immune cells and initiating an inflammatory
loop. B cells produce antibodies against OSE, contributing to
increased cytokine production, activation of T cells and the
production of ROS, all of which participate in damaging the
FIGURE 3 | Alcohol related liver disease pathogenesis. Excessive alcohol consumption (1) induces inflammation and results in increased gut permeability (2),
allowing bacterial translocation of LPS. Inflammatory mediators damage hepatocytes, resulting in the release of cellular debris (3). Self-antigens are engulfed by
antigen presenting cells (4) and presented to autoreactive T cells (5), which stimulate autoreactive B cells (6). Activated B cells then migrate to secondary lymphoid
tissues and undergo germinal centre reactions (7) where B cells with increased affinity receptors differentiate into memory B cells and PCs (8). The secretion of
inflammatory mediators and autoantibodies from memory B cells and PCs further damage hepatocytes (9). The formation of immune complexes induces further
inflammation (10). These immune complexes are engulfed by APCs. Created with BioRender.com.
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liver. This vicious cycle of liver destruction results in fibrosis,
progressing to cirrhosis making the liver unable to regenerate
and heal.

Viral Hepatitis
There are five types of viral hepatitis, of which hepatitis B and
hepatitis C viruses can cause chronic liver disease. Infection may
lead to progressive inflammation and liver damage over decades
that could lead to end-stage disease requiring a transplant,
however these viruses are not directly cytopathic (75, 121).

Antibodies against both viruses are generated in infected
individuals. In HBV, IgM antibodies against the core protein
are used as a marker of early infection whereas, antibodies
against the hepatitis surface (HBsAg) and e (HBeAg) antigens
appear as the infection progresses (121, 122). HBsAg, a T cell-
independent antigen, induces the activation of naïve B cells and
mounts a robust antibody response (71, 123). Adults infected
with HBV are able to resolve infection in the majority of cases,
and there is an effective vaccine for HBV based on the HBsAg
(124). Chronic HBV patients have circulating HBsAg-specific B
cells, however these cells are unable to produce effective anti-HBs
antibodies (71). The early humoral immune response in HCV is
difficult to study as many patients are asymptomatic (125).

Intriguingly, antibodies to the envelope glycoproteins in HCV
infection may emerge late and are abundant in chronic patients,
while at the same time showing potent neutralising ability of
heterologous viruses. Investigations in autologous virus
neutralisation over years in a single patient showed that this
RNA virus remained a step ahead of the antibody response by
generating variants to escape neutralising antibodies (126).
However, antibodies can prevent HCV infection in vivo and
contribute to the eradication of the HCV infection (127). There is
no vaccine against HCV infection, but immunisation of healthy
Frontiers in Immunology | www.frontiersin.org 8190
volunteers with viral envelope glycoproteins resulted in the
generation of neutralising antibodies (128), and antibodies
were shown to be protective in a human liver chimeric mouse
model (129). Immunisation of genetically humanised mice with
soluble envelope glycoprotein 2 (sE2), derived from insect cells,
produced high titres of broadly neutralising antibodies against
diverse HCV envelopes and were protected from HCV infection,
in vivo. Immunisation of non-primates with insect derived sE2
resulted in the induction of B and T cell immunity (127). The
role of B cells and antibodies in the context of failure to control
HCV infection was elegantly described by Dustin et al., (130).

An accumulation of circulating B cells within the liver is
associated with severe liver damage (131) and elevated levels of
activated B cells is seen in patients with HBV and HCV (121).
However, these cells have a reduced proliferative capacity and
express Fc receptor-like protein 4 (FcRL4), an inhibitory receptor
overexpressed on exhausted memory B cells (121). This suggests
that B cells are dysfunctional in infected livers as they are
chronically activated and adopt an exhausted phenotype.
Hepatic release of subviral particles (empty virions consisting
of mostly HBsAg) (132) is an immune evasion mechanism in
HBV which forms immune complexes by crosslinking
neutralising antibodies targeting the virus. This leads to
continual BCR triggering, promoting the expansion of
exhausted memory B cells, also referred to as atypical memory
B cells (71, 123, 133). Chronic hepatitis B patients had deposits of
HBcAg-immune complexes in their liver (134). Fc receptor-like
protein 5 (FcRL5) suppresses the activation of B cells by
crosslinking to immune complexes and PD-1 inhibits B cell
signalling; both these markers were enriched on the surface of
atypical memory B cells; T-bet is also associated with the
generation of atypical memory B cells (71, 135). This
population of atypical memory B cells was found to be present
FIGURE 4 | Non-alcoholic fatty liver disease pathogenesis. NASH pathogenesis is linked to obesity and altered adipose tissue distribution (1). Adipose tissue releases
adipokines and free fatty acids (FFA) (2), which result in lipid accumulation within the liver (3) and affect intestinal permeability (4). This allows bacterial translocation of
LPS and other gut-derived pathogens (5) resulting in the secretion of inflammatory mediators which could damage hepatocytes (6). FFA, adipokines, ROS and
inflammatory mediators injure hepatocytes (7) resulting in the expulsion of cellular debris. Self-antigens are engulfed by antigen presenting cells (8) and presented to
autoreactive T cells (9), which stimulate autoreactive B cells (10). Activated B cells then migrate to secondary lymphoid tissues and undergo germinal centre reactions
(11), where B cells with increased affinity receptors differentiate into memory B cells and PCs (12). The secretion of pro-inflammatory mediators (interleukin-6 and
tumour necrosis factor alpha) (120) and autoantibodies from memory B cells and PCs further damage hepatocytes (13). Created with BioRender.com.
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in infected livers (71) Atypical memory B cells enriched in HBV
were unable to escape apoptosis and differentiate into effective
HBsAg-specific antibody secreting cells (71), impairing their
ability to produce neutralising antibodies against the viruses
(123, 133, 134).

IL-10 producing B-reg cells are another subset of regulatory B
cells that are enriched in HBV and HCV patients, which may
contribute to viral persistence (71, 121, 136–138). Eiza et al.,
showed an increased in IL-10 producing B-regs in chronic HBV
patients, when compared to healthy controls and these cells were
able to dampen down HBV-specific CD8+ T cell responses (138).
A subset of B-reg cells that express high levels of CD5, CD1d and
IgD are thought to be responsible for IL-10 production by B cells
(136, 138). CD5+ B-regs produce IL-10 upon activation and
correlate with poor virus elimination (138).

Beyond immune surveillance, we previously showed that B
cells were vehicles for HCV transmission to hepatocytes (139).
Stimulated B cells were able to bind viral particles using
scavenger receptor B type 1 and C-type lectins DC-SIGN and
L-SIGN and internalised the virus in compartments that
prevented virus degradation. The intact virus was then recycled
to the B cell surface within hours. B cell-transmitted virus was
more infectious than cell-free virus, adding a pathogenic role for
B cells in HCV infection. HCV RNA was detected in 83% (110/
132) of patients with HCV genotype 1 (140). Inokuchi et al.,
reported that HCV RNA was detected more frequently in B cells
compared to CD4+ and CD8+ T cells (141). The role of
antibodies and adaptive immunity in HCV infection has been
recently reviewed (142–144).

The most common B cell lymphoproliferative disease
associated with HCV is mixed cryoglobulinemia (MC) (145,
146). MC presents with formations of cryoglobulins; abnormally
precipitated immunoglobulins that can be coupled with
rheumatoid factor (147), detected in the circulation of 40-60%
of HCV-infected patients (148, 149). B cells contribute to the
formation of cryoglobulins through uncontrolled autoantibody
production and proliferation (149). These cryoglobulin-containing
immune complexes deposit in small or medium vessels causing
vasculitis (145, 150, 151). Whilst cryoglobulinemia is common in
HCV, rare cases have been reported to exist in HBV infected
patients (151). The clonal proliferation of B cells in MC (152), may
cause the formation of ectopic lymphoid aggregates within the
liver of HCV patients. Lauletta et al., has shown that cytokine
(CXCL13) can cause B cell migration to intraportal lymphoid
aggregates in the liver and create a microenvironment to sustain B
cell aggregation (153).

Autoimmune Hepatitis
Autoimmune hepatitis (AIH) is a chronic autoimmune disorder
requiring life-long immunosuppressive therapy (75, 154–156).
This disease affects all ages, races and sexes although it has a
higher prevalence in females (75, 157–159). AIH is associated
with other autoimmune diseases such as coeliac disease and can
coexist with autoimmune family biliary liver diseases; primary
biliary cholangitis (PBC) or primary sclerosing cholangitis (PSC)
(159). This progressive, necro-inflammatory disease is linked to
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increased immune infiltration that destroys the hepatic
parenchyma through immune-mediated hepatocyte damage
(75, 107, 154, 155, 157, 158, 160, 161). Fibrosis and cirrhosis
are ramifications of chronic inflammation and 40% of AIH
patients present with cirrhosis at the time of diagnosis (154).
Despite the use of corticosteroids and immunosuppressives, 10-
20% of patients with AIH will progress to end-stage liver disease
requiring liver transplantation (160).

AIH classification is dependent on antibody specificity.
Patients with AIH can have numerous autoantibodies (162),
including antinuclear antibodies (ANAs), smooth muscle
antibodies (SMA) and antibodies directed against liver kidney
microsome type 1 (LKM1) (107, 157, 159, 163). Type 1 AIH is
characterised by the presence of ANA, SMA and perinuclear
anti-neutrophil cytoplasmic antibodies (pANCA), the latter is
present in 65-92% type 1 AIH patients (157, 159).
Autoantibodies against liver cytosol type 1 (LC1) and/or anti-
LKM1 antibodies are classified as type 2 AIH (159, 160); pANCA
antibodies are not present in this type of AIH. CYP2D6 is the
antigen for anti-LKM antibodies and anti-LC1 antibodies target
a liver-specific metabolic enzyme, formiminotransferase
cyclodeaminase (FTCD) (157, 160). CYPD26 autoantibodies
are of the IgG isotype, supporting the role that T-dependent
class-switching is essential to produce IgG+ PCs (158). Anti-LC1
antibody titres are associated with disease severity and are
detected in 30-50% of patients with type 2 AIH (157). Type 3
AIH is proposed to be defined by the presence of anti-soluble
liver antigen/liver pancreas antigen antibodies (anti-SLA/LP
antibodies) which are present in 10-30% of AIH patients (157).
50-76% of AIH patients have antibodies against the
asialoglycoprotein receptor (ASGPR) which is a component of
the liver specific lipoprotein (LSP) expressed on hepatocyte
surfaces (157, 163). Disease activity and poor outcome of AIH
positively correlated with titres of anti-ASGPR in this group of
patients (157).

Hepatic destruction in AIH is thought to be driven by T cells,
however, the presence of several autoantibodies suggests a role
for B cells in the pathogenesis of AIH (154). Elevated serum
IgG levels are found in up to 85% of patients with AIH
displaying ongoing inflammation within these patients (164).
AIH liver biopsies showed mixed infiltration of T cells and B
cells, including IgG+ B cells and PCs (157–159, 163, 165). AIH
flare ups show an increased number of T and B cells present
within the liver (159). B cells present self-antigens to autoreactive
T cells which become activated, which then stimulate B cells to
produce autoantibodies (163). Increased expression of CD86 is
seen on B cells from new onset AIH patients, suggesting
that these B cells are primed to co-stimulate T cells (166).
Cytokines produced by Th2 cells also aid in B cell activation
and differentiation via IL-4 production, which was elevated in
AIH (157, 163).

IgG+ cells were significantly higher in AIH liver samples and
were found distributed around the bile ducts and in portal tract
areas, along with IgM+ cells (157, 158, 161, 165). Lymphocytes
target IgG bound to hepatocytes in healthy individuals,
mediating cellular injury and initiating inflammation (75).
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Patients with systemic lupus erythematosus (SLE), an
autoimmune disease driven by a dysregulated B cell response,
frequently develop inflammation of the liver. Hepatic
dysfunction in SLE patients can be caused independently of B
cell responses for example by side effects of medication.
However, two key examples for autoimmune liver conditions
associated with SLE are lupus hepatitis (also known as SLE-
associated hepatitis) and autoimmune hepatitis. Both involve
extensive B cell activation and are often difficult to distinguish.
They are both associated with hyperglobulinaemia but show
differences in the profile of autoantibodies. Since their prognosis
and therapeutic approach differs, it is an important goal to
develop safe diagnostic criteria (167).

AIH is an autoimmune disease with many factors
contributing to disease progression, however the trigger is
unknown. The presence of autoantibodies, targeting many self-
proteins, presents an important role for autoreactive B cells in the
pathogenesis of AIH and suggests an impairment in central B cell
tolerance. The survival and activation of autoreactive T and
autoreactive B cells is a result of a breakdown in self-tolerance
and a reduction in immune regulation.

Primary Sclerosing Cholangitis
Primary sclerosing cholangitis (PSC) is a cholestatic
autoimmune disease in which fibrosis and chronic
inflammation destroy the large bile ducts (157, 168–170). PSC
is associated with inflammatory bowel disease (IBD); 87% of PSC
patients present with ulcerative colitis (UC) and 13% have
Crohn’s disease (CD) (83, 157, 168). Chronic destruction and
scarring of the biliary tree leads to cirrhosis and many patients
will eventually require liver transplants (169).

Anti-neutrophil cytoplasmic antibodies (ANCA) are detected
in 88% of PSC patients however, these autoantibodies are not
specific for PSC, but also seen in AIH and biliary atresia (BA)
(157); PSC-specific autoantibodies have not been identified to
date, but disease-relevant epitopes have been detected (171). PSC
disease severity is associated with concentrations of anti-
cardiolipin antibodies which were present in 2/3 of PSC
patients (157).

Total numbers of B cells were significantly higher in PSC-
derived PBMCs compared with healthy controls (64).
Furthermore, 10% of PSC patients had elevated serum levels of
IgG4 and a significant infiltration of IgG4 PCs (169, 172). IgG4+
PC aggregates were observed in PSC tissues and IgG4+ deposits
were reported (169, 173). Fischer et al., showed that the intensity
of IgG4+ immunostaining was linked to disease progression and
infiltration of lymphocytes in PSC (169). B cells isolated from
PSC liver explants produce a range of autoantibodies when
cultured suggesting, that the targets in PSC are self-antigens or
arise as a result of cross-reactivity of exogenous targets (168).
Approximately 50% of explanted PSC liver specimens displayed
evidence of IgG4+ cells and these tissue infiltrating IgG4+ cells
were associated with a clinically aggressive disease course and a
higher probability of liver transplantation (169). IgG4-related
disease (IgG4RD) is an inflammatory disease associated with
elevated numbers of IgG4-positive PCs which contribute to
chronic damage and fibrosis (174, 175). IgG4RD-associated
Frontiers in Immunology | www.frontiersin.org 10192
sclerosing cholangitis can be mistaken for PSC, which may
explain the increase in IgG4+ cells seen by Fischer et al. (176).

70% of PSC patients have IBD which is linked to defects in the
intestinal barrier (177). The gut microbiota was altered in PSC
patients when compared to UC and healthy controls (168). Gut-
derived antigens may trigger the autoimmune response in PSC
by allowing the translocation of bacterial and food antigens (78,
168). BECs propagate their own destruction when they are
stimulated by LPS, which induces them to release chemokines
and cytokines (83). These mediators activate various immune
cells which damage the tissue leading to fibrosis and resulting in
an inflammatory cascade (83). Other gut-derived bacterial motifs
also stimulated BECs to drive their own destruction and analysis
from PSC livers showed the presence of bacterial RNA (83).

The pathogenesis of PSC is reviewed by Lleo et al. (178). PSC
may be initiated by a loss of self-tolerance due to bacterial antigens
and the obliteration of BECs, resulting in the expulsion of self-
antigens which activates autoreactive immune cells. Molecular
mimicry may contribute to this initial loss in tolerance. Primed
gut-derived T cells migrate to the liver where they may induce B
cell proliferation and differentiation into IgG4+ secreting PCs (83).
These immune cells will secrete many pro-inflammatory cytokines
contributing to inflammation, the destruction of BECs and the
progression of autoimmunity.

Primary Biliary Cholangitis
Primary biliary cholangitis (PBC) is a progressive autoimmune
disease characterised by immune-mediated destruction of the
intrahepatic small bile ducts (79, 107, 157, 179–182). This
deregulated immune response results in liver inflammation and
damage, causing fibrosis and eventually cirrhosis as an outcome
of the accumulation of bile toxins (79, 183, 184).

There is a profound loss of B cell tolerance associated with
PBC, which is supported by the presence of autoantibodies (83,
180, 185, 186); 90-95% of PBC patients have the presence of
specific anti-mitochondrial antibodies (AMA), directed against
the mitochondrial inner membrane member, 2-oxoacid
dehydrogenase complexes (2-OADC) (79, 107, 157, 179, 181–
183, 185–187). Autoantibodies targeting the E2 subunit of the
pyruvate dehydrogenase complex (PDC-E2) is a major
autoantigen in PBC (157). 50% of PBC patients had antibodies
targeting the nuclear pore complex members; gp210 and p62
(157). The anti-nuclear antibodies (ANAs) targeting gp210,
correlate with disease severity (79, 157, 186). PBC patients had
significantly higher PDC-E2 specific IgM, IgG, and IgA PB
frequency (64). In addition, many PBC patients present with
hyper-IgM expression in their serum (179, 186). Complement
activation via agglutination by IgM plays a crucial role in innate
immunity providing a link between innate and adaptive
immunity as IgM enhances antigen-driven IgG responses (179).

GCs are essential for the production of class-switched
immunoglobulins however, they also allow the differentiation
of autoreactive B cells into autoreactive memory and
autoantibody producing PCs in PBC (183, 185, 186, 188). TFH
cells promote GC formation and allow B and T cell interaction
promoting B cell activation, proliferation and differentiation into
affinity matured, long-lived PCs (79, 183). TFH locate B cell
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follicles via the CXCL5 – CXCL13 chemokine axis and were
present in vast numbers near damaged bile ducts, in lymphoid
follicle-like structures (79). In healthy control livers, hepatic TFH
cells were absent (183). PBC-derived TFH cells had a greater
ability to induce B cell differentiation into class-switched
memory B cells and mature PCs (183). Circulating TFH
(cTFH) cell frequency was higher in PBC patients and in
patients who do not respond to ursodeoxycholic acid (UDCA)
treatment compared to UDCA responders (79). cTFH cells
positively correlated with circulating PCs in PBC and secrete
high levels of IL-21 inducing B cell proliferation, differentiation
and secretion of autoantibodies suggesting that TFH cells
contribute to PBC pathogenesis (79, 183, 185). Increased
serum IL-21 levels positively correlated with concentrations of
serum AMA and IgM (185). IL-21 is vital for the development of
TFH cells and induces maturation of B cells in a paracrine
manner whilst enhancing TFH function in an autocrine fashion
(79, 183).

Tissue from the livers of PBC patients showed the presence of
several bacterial products (83). TLR signalling pathway was
activated in PBC patients and hyper IgM production which
may be due to increased bacterial infections (83, 157). Studies
have shown that the induction of PBC occurs due to molecular
mimicry between PDC-E2 and bacterial proteins (79). Molecular
mimicry may be the initial insult in the loss of self-tolerance,
enabling the survival of autoreactive B cells that fail to enter
apoptosis (186). Activation of TLRs induces the proliferation of
B cells and the secretion of pro-inflammatory cytokines. TLR-9
expression was increased in B cells from PBC patients and CpG
stimulation enhanced the secretion of IgM, cytokines and
chemokines (83, 157, 179, 187). Kikuchi et al., showed a
positive correlation between the intensity of TLR-9 expression
and IgM+ memory B cells (83, 179). Bacterial motifs were
required to increase TLR-9 expression on B cells and promote
inflammation (83, 179). Furthermore, CpG stimulation of
PBMCs derived from PBC patients resulted in vast production
of AMAs compared to unstimulated controls (157). TLRs are
also expressed by cholangiocytes which aid in immune activation
and may contribute to PBC pathogenesis. TLR-4 and TLR-9
levels were highly expressed on cholangiocytes in PBC patients
(75). Ma et al., showed increased TLR-4 expression on BECs in
PBC and expression was seen in periportal and interlobular
hepatocytes in patients with advanced disease (83).

BEC themselves may contribute to the initiation and
progression of PBC rather than being the victims of the
immune response. Damage to BEC is a hallmark of PBC and
BEC obtained from PBC livers rapidly undergo apoptosis (186).
BEC can engulf apoptotic BECs and translocate PDC-E2 into
apoptotic bodies (186). The immunologically intact PDC-E2 is
presented to autoreactive immune cells initiating their activation,
secretion of pro-inflammatory mediators and AMA
production (186).

Many factors contribute to the initiation and pathogenesis of
PBC which is reviewed Carbone et al., (189). The initial insult in
PBC is thought to be similar to that of PSC; molecular mimicry
by bacterial motifs, subsequently activating the immune response
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and breaking down self-tolerance. The inflammatory milieu is
further exacerbated by the destruction of BEC, which further
activate autoreactive immune cells via antigen presentation of
PDC-E2 in apoptotic bodies. The ongoing inflammatory cascade
results in additional destruction of bile ducts, activation of
autoreactive immune cells and the production of autoantibodies.

Biliary Atresia
Biliary atresia (BA) affects 1 in 8,000-18,000 neonates and
encompasses a host of potential aetiologies leading to
progressive liver damage (190–192). Obliteration of the
extrahepatic biliary tree and subsequent progressive
destruction of the hepatic ducts leads to fibrosis and cirrhosis
in BA infants (192, 193).

There are two forms of BA; acquired and congenital (194,
195). 80% of BA patients have the acquired form and 20% have
the congenital form, both are characterised by destruction of bile
ducts and fibrosis, with various degrees of inflammation (191,
195, 196). BA infants with the congenital form also present with
other genetic abnormalities (195, 196). Kasai portoenterostomy
(Kasai) is a surgical treatment performed at diagnosis in over
95% of BA infants (190). The Kasai procedure removes the
damaged bile ducts and anastomoses the jejunum to patient
intrahepatic bile ducts to allow bile flow from the liver to the gut;
despite successful surgery, 80% of BA patients will require a liver
transplant (191, 197). Medical management post-Kasai involves
the use of antibiotics, vitamin supplementation, nutritional
support and administration of UDCA to encourage bile flow
(192). Kelly and Davenport show that having specialised centres
for portoenterostomy surgery has improved survival to over 90%
in the UK. This study also showed a reduced need for liver
transplantation due to the centralisation of surgery (192).

BA livers showed increased immune infiltration and elevated
lymphocyte activation in the portal tracts (191, 193). There was
an increased presence of intrahepatic periductal B cells in BA
patients at diagnosis and at the time of transplant (190). These
activated B cells secrete IgM and IgG antibodies and Lu et al.,
found that IgG from the sera of BA patients reacted with the
cholangiocyte cytosol (198, 199). Furthermore, 40% of BA
infants had deposits of IgM and IgG along the basement
membrane of the bile duct epithelia (190, 198, 200). Infants
with BA show increased levels of high-affinity pathogenic IgG
antibodies and a reduction in the level of natural IgM, which
plays a protective role in immune function and the development
of autoimmune disease (201). Anti-a-enolase and ANCA
autoantibodies are observed in BA neonates and were detected
in the sera of BA patients (190, 198). Anti-a-enolase IgM and
IgG antibodies can be found in BA children who still have their
own livers suggesting a role for B cells in BA pathogenesis (199).

There are various animal models of BA (195, 202) however
the commonly used model is the rhesus group A-rotavirus
(RRV)-induced mouse model of BA (193, 199, 203, 204).
RRV-induced mice are able clear the virus by 2 weeks
however, they show signs of extrahepatic bile duct obstruction
and progressive inflammation, which leads to liver failure (199).
Despite the evidence of viral insult in mouse models of BA, there
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are conflicting studies detecting the presence of rotavirus in BA
patient samples. One study shows the presence of type C
rotavirus RNA in 10 out of 20 BA liver samples (205) whereas
Bobo et al., did not detect any rotavirus RNA from their BA liver
cohort (n=10) (206).

To summarise the trigger for BA is unknown; viral,
environmental, genetic and autoimmune factors are thought to
contribute to BA pathogenesis (196, 198). A proposed theory for
the pathogenesis of some types of BA is an initial infection with a
cholangiotropic virus which may damage the bile duct epithelia
directly, however this virus is still unidentified (195) (Figure 5).
This initiates an immune response resulting in an exaggerated
inflammatory response that further damages BEC (196). The
injured bile ducts release altered self-antigens and may express
self-antigens on their surface (194, 207). APCs recognise these
self-antigens as foreign molecules subsequently, activating
autoreactive T cells, mediating inflammatory destruction of the
bile ducts (194). Activated autoreactive T cells also stimulate
autoreactive B cells, augmenting the production of inflammatory
mediators and initiating B cell differentiation. Despite the
clearance of the virus, persistent inflammation contributes to
the obliteration of the bile ducts leading to fibrosis and liver
failure (199). It is important to stress, that inflammation is
evident in a subsection of patients, and some children with BA
show no inflammatory histological findings at Kasai or at end
stage disease explant tissue. Histological characterisation of the
Frontiers in Immunology | www.frontiersin.org 12194
immune compartment in BA may aid our understanding of
disease pathogenesis.

Table 2 provides a brief summary of clinical features and
immune involvement in liver diseases.

Targeting B Cells in the Liver - Rituximab
Treatment
Originally developed for the treatment of B cell lymphoma,
rituximab is a human/murine chimeric monoclonal antibody
that targets specifically the cell surface glycoprotein CD20 (208).
CD20 is universally expressed by normal B cells through all
stages of development from late pre-B cells in the bone marrow
and right before terminal differentiation to plasma cells.

The true role of CD20 remains poorly understood; it has no
known natural ligand, however its association with the BCR
suggests a role in B cell signalling. CD20 is not immediately
internalised upon antibody binding (209, 210), and thus
monoclonal antibodies raised against it cannot be used to
deliver cytotoxic moieties into the cell. As a result, the mode of
action of anti-CD20 antibodies relies on the subsequent
recruitment of the host immune response to opsonisation.

Multiple modes of actions have been proposed for rituximab
mediated B cell depletion. Rituximab colocalises CD20 to lipid
rafts (211), and through this induces B cell killing by NK cells
through antibody-dependent cellular cytotoxicity (212). Efficacy
of rituximab, however, differs greatly among different
FIGURE 5 | Inflammatory-mediated damage in biliary atresia. In some children with BA, damage to the extrahepatic bile ducts may occur due to cholangiotropic
viruses or autoimmunity (1), resulting in the expulsion of viral or self-antigens. These antigens are engulfed by antigen presenting cells (2) and presented to T cells (3).
Autoreactive T cells that recognise self-antigens stimulate autoreactive B cells (4). Activated B cells then migrate to secondary lymphoid tissues and undergo germinal
centres reactions (5) where B cells with increased affinity receptors differentiate into memory B cells and PCs (6). The secretion of inflammatory mediators and
autoantibodies from memory B cells and PCs further damage BECs (7). Created with BioRender.com.
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autoimmune diseases. Amongst these, Rituximab is approved for
treatment of rheumatoid arthritis, granulomatosis with
polyangiitis and microscopic polyangiitis and pemphigus
vulgaris (213–215). In SLE, pilot trials and observational
studies were initially promising but larger scale clinical trials
Frontiers in Immunology | www.frontiersin.org 13195
did not show a clear benefit. Recent trials of a combination of
Belimumab, which targets the cytokine BLyS with Rituximab,
however, show promise in SLE (216). Direct cross-linking of
CD20 on B cell tumour cell lines was shown to be sufficient for
the induction of apoptosis through MAP kinase activation (212,
TABLE 2 | Key clinical features and immune involvement in liver diseases.

Disease Clinical features Immune involvement References

Alcohol related liver disease
(ArLD)

• Hepatocyte damage
• Steatosis
• Fibrosis
• Cirrhosis
• Lipogenesis
• Accumulation of fat in the liver
• High levels of IgA, IgG and IgM
• Lipopolysaccharide circulation
• Portal and lobular inflammation

• Liver inflammation
• Altered B cell compartment
• Increased plasmablasts
• Decreased regulatory B cells
• Reduction in circulating B cells

(86, 103–108)

Non-alcoholic fatty liver
disease (NAFLD)

• Steatosis
• Hepatic inflammation
• Fibrosis
• Hepatocyte damage
• Cirrhosis
• Lipid influx
• Portal and lobular inflammation
• Altered distribution of adipose tissue
• Elevated levels of endotoxin
• Raised IgG titres

• Liver inflammation
• Damage by reactive oxygen species, lipotoxicity

and inflammatory mediators
• Infiltration of activated immune cells
• Increased B cells associated with disease severity
• Ectopic B and T cell aggregates
• LPS stimulates B cells to secrete inflammatory

mediators

(80, 86, 114–118)

Viral hepatitis • Antibodies against viral epitopes
• Formation of immune complexes

• Progressive inflammation and liver damage
• Accumulation of circulating B cells within the liver
• Elevated levels of activated B cells
• Dysfunctional B cells
• Expansion of exhausted memory B cells
• Enrichment of atypical B cells
• Increase in IL-10 producing regulatory B cells
• B cells can act as vehicles for HCV transmission

(71, 75, 121–123, 131, 133, 134,
136, 138, 139)

Autoimmune hepatitis (AIH) • Associated with other autoimmune
diseases

• Necro-inflammatory disease
• Destruction of the hepatic parenchyma

and hepatocytes
• Fibrosis
• Cirrhosis

• Increased immune infiltration
• Presence of autoantibodies
• Elevated serum IgG levels
• B cells are primed to co-stimulate T cells via CD86

interaction

(154, 159, 162, 164, 166)

Primary sclerosing
cholangitis (PSC)

• Fibrosis
• Destruction of the large bile ducts
• Associated with IBD
• Cirrhosis
• Destruction of the biliary tree
• Defects in intestinal barrier
• Altered gut microbiota

• Presence of autoantibodies
• High numbers of B cells
• IgG4+ plasma cell aggregates and deposits in

some PSC patients

(64, 157, 168–170, 172, 177)

Primary biliary cholangitis
(PBC)

• Affects small bile ducts
• Fibrosis
• Accumulation of bile toxins
• Presence of several bacterial products

• Immune-mediated destruction of intrahepatic small
bile ducts

• Liver inflammation
• Loss of B cell tolerance
• Presence of autoantibodies
• Hyper-IgM expression in the serum
• Complement activation via agglutination by IgM

(83, 157, 179, 181, 184, 186)

Biliary atresia • Progressive liver damage
• Obliteration of the extrahepatic biliary

tree and hepatic ducts
• Fibrosis
• Cirrhosis

• Increased immune infiltration
• Elevated lymphocyte activation in the portal tracts
• Increased presence of intrahepatic periductal B

cells
• IgM and IgG deposits
• High levels of high-affinity pathogenic IgG antibodies
• Autoantibodies may be present

(190, 191, 193, 199, 201, 207)
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217). Rituximab may also induce complement dependent
cytotoxicity (212, 217, 218). In a mouse model, Kupffer cells
within the hepatic sinusoids have been shown to capture anti-
CD20 antibody coated B cells (219).

During differentiation into mature antibody-secreting plasma
cells, CD20 expression is lost (220). Due to this absence of CD20,
rituximab treatment does not affect the production of long-lived
PCs (221, 222), as rituximab does not deplete long-lived PCs. In
multiple diseases where rituximab treatment has been trialled,
90-100% of peripheral B cells were depleted (223).

Efficacy of rituximab, however, differs greatly among different
autoimmune diseases. Amongst others, rituximab has been
shown to be an effective treatment for rheumatoid arthritis
(224), systemic lupus erythematosus (225), thrombocytopenic
purpura (226), and autoimmune haemolytic anaemia (227). B
cells have now begun to be targeted in CLD (3).
Rituximab in Viral Hepatitis
Rituximab has been shown to be the most widely used treatment
for HCV patients with cryoglobulinemia vasculitis (148, 228).
One cycle of low-dose rituximab achieved a complete clinical
response in 22 out of 31 (70.96%) of MC patients (229). Clinical
manifestations of cryoglobulinemia such as skin ulcers, renal
manifestations and sensitive-motor neuropathy have improved
through the use of rituximab (228). Rituximab treatment reduces
serum levels of cryoglobulins and rheumatoid factor through the
clonal B cell depletion in the bone marrow (230).
Rituximab in Autoimmune Hepatitis
Non-specific immunosuppression using prednisolone and
azathioprine has improved symptoms and subsequently survival
in patients with AIH (231). However, some patients either
develop adverse side effects and as a consequence discontinue
treatment or exhibit a suboptimal response to this standard
therapy (232). As a result, more targeted immunotherapies for
this disease are needed.

In a mouse model of AIH, administration of anti-CD20
antibodies resulted in a significant reduction in liver
inflammation and ALT levels, but there was no reduction in
the total IgG levels or autoantibody titres (233). The depletion of
B cells resulted in a significant increase in naïve CD4+ and CD8+

T cells and a reduction in antigen-experienced T cells. In this
model of AIH, B cells played an active role in disease
pathogenesis through the antigen presentation process and
modulated T cell functions (233).

Rituximab has been trialed in both adult and paediatric
patients with AIH which was unresponsive to prior treatments
(234, 235). Rituximab was well tolerated, and complete remission
was achieved and maintained. Serum IgG levels were also
reduced, and ANA titres were decreased in 2 out of 6 subjects,
becoming negative in one (234). More recently a multicentre
retrospective study reported clinically meaningful reductions in
liver enzyme values following the administration of rituximab in
22 patients with difficult to manage AIH (236). After treatment,
71% of patients were free from AIH flares (236).
Frontiers in Immunology | www.frontiersin.org 14196
Rituximab in Primary Biliary Cholangitis
Currently, therapy for PBC is limited to UDCA and, for patients
with end-stage liver disease, liver transplantation. Although
UDCA has demonstrated cl inica l benefi ts in l iver
biochemistries (237), up to 40% of patients have a suboptimal
response to UDCA and 10% will go on to die or require liver
transplantation (238).

At present, trials for the efficacy of rituximab in PBC have
primarily enrolled patients who have demonstrated an
unsatisfactory response to UDCA. Six patients with incomplete
responses to UDCA were recruited in an open-label study (239).
Patients were given 2 doses of rituximab separated by 2 weeks
and followed for 52 weeks. This study showed a significant
reduction in serum AMA titres and a reduction in ALP up to
36 weeks after treatment. A subsequent open-label study using
the same method of treatment enrolled 14 patients with PBC
refractory to UDCA (240). B cells were effectively depleted in 13
of the patients, and a reduction in serum AMA levels was
observed at 6 months follow-up. However, the improvements
in liver biochemistry were limited. Rituximab has also been used
in a randomised trial of 57 PBC patients suffering with severe
fatigue (241). Despite evidence to suggest that rituximab was
effective for reduction of fatigue in a number of conditions
including primary sjogrens syndrome (pSS) (242–245), a
condition associated with PBC, this study showed no evidence
of effectiveness for the treatment of fatigue in PBC.

Although these studies showed the limited efficacy of
rituximab in PBC, they demonstrated that the drug is well
tolerated by patients. This is in direct contrast to a study with
a xenobiotic induced murine model of human PBC (246), where
anti-CD20 treatment exacerbated liver pathology despite
successful depletion of B cells and reduction in the production
of AMAs (247). Conversely, in the genetic animal model of PBC,
the dnTGF-bRII mouse (248), anti-CD20 treatment was effective
at attenuating liver damage but exacerbates colitis (249).
Moreover, this reduction in liver inflammation was only seen
in young mice, as B cells depletion in old mice did not modify the
course of liver disease (249). Interestingly, double transgenic
mice with PBC and B cell depletion (lgm-/-dnTGF-bRII mice)
developed a more severe form of cholangitis (250), suggesting
that during the initial inflammatory response in this model of
PBC, B cells have a suppressive effect.

Rituximab in Primary Sclerosing
Cholangitis
A lack of understanding of PSC pathogenesis has prevented the
development of effective therapies. Transplantation was
established as the only curative treatment option for PSC in
1983. A few years later, recurrence after liver transplantation was
noted in some patients (251). It is estimated that recurrent PSC
occurs in 20-25% of patients over a 10-year period after
transplantation (252). A small study of 5 PSC patients who
underwent ABO incompatible liver transplantation and were
treated with rituximab, found that graft survival rate was 100%
with no cases of recurrence over the median follow-up period of
7.2 years (253).
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CONCLUSION

Despite advances in liver T cell biology, B cell biology and subset
characterisation remains understudied in the context of chronic
liver disease. Deep phenotyping approaches such as single cell
RNA sequencing and spatial transcriptomics have yielded
valuable information on liver immunity in the context of
various liver cell types (254), and similar approaches are much
needed for B cell biology. Mapping the B cell compartment in
liver diseases will provide a better understanding of the roles of B
cells in disease progression and offer new opportunities for
therapeutic intervention.
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Metabolic pathways have been studied for a while in eukaryotic cells. During glycolysis,
glucose enters into the cells through the Glut1 transporter to be phosphorylated and
metabolized generating ATP molecules. Immune cells can use additional pathways to
adapt their energetic needs. The pentose phosphate pathway, the glutaminolysis, the fatty
acid oxidation and the oxidative phosphorylation generate additional metabolites to
respond to the physiological requirements. Specifically, in B lymphocytes, these
pathways are activated to meet energetic demands in relation to their maturation status
and their functional orientation (tolerance, effector or regulatory activities). These metabolic
programs are differentially involved depending on the receptors and the co-activation
molecules stimulated. Their induction may also vary according to the influence of the
microenvironment, i.e. the presence of T cells, cytokines … promoting the expression of
particular transcription factors that direct the energetic program and modulate the number
of ATP molecule produced. The current review provides recent advances showing the
underestimated influence of the metabolic pathways in the control of the B cell physiology,
with a particular focus on the regulatory B cells, but also in the oncogenic and autoimmune
evolution of the B cells.

Keywords: B lymphocytes, regulatory activity, metabolism, autoimmunity, cancer, Breg cells
INTRODUCTION

There is now a growing body of evidence showing a complex interaction between metabolic
reprogramming and immunity. Innate cells and adaptive immune T cells have been studied largely,
but much little is still known about B cells. Because this now adds a new dimension to our
understanding of the immune system in health but also in disease, it is important to highlight what
is accepted for B lymphocytes. This review will also shed in light the importance of the metabolic
org September 2021 | Volume 12 | Article 7354631204
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processes in the development of the functional regulatory
capacities of B cells and the implication in autoimmune and
cancer responses.
THE METABOLIC PATHWAY IN IMMUNE
B CELLS

Among the specialized cells of the adaptive immune system, B
lymphocytes play a pivotal role for the detection of danger signal
and the presentation of antigen to T cells to mount efficient
germinal center (GC) responses (1, 2). Following activation
signals subsequent to a fine dialogue with the T cells, B cells
acquire effector and regulatory functions leading to the
production of antibodies and the secretion of cytokines, and
thus develop humoral immune responses for antigen
neutralization and participate to the control of the cellular
immune responses (3, 4).

Three to six metabolic pathways have been described to play
important role in the survival, the proliferation and
differentiation of immune cells (5) which may also contribute
to the development and functions of B cells.

The Generic Pathways
Glucose Metabolism in B Cells
The main nutrient to provide energy needs for the B cell
development and maturation is glucose that is first catabolized
to pyruvate during glycolysis. Hexokinase generates successively
glucose 6-phosphate, fructose 6-phosphate, fructose 1,6-
biphosphate and then pyruvate in order to be fermented into
lactate which is then secreted. This reaction does not require
oxygen, is poorly energy efficient and is finely regulated.
Numerous molecules on B cells are involved in the control of
glucose metabolism either positively or negatively. After B cell
receptor (BCR) and CD40 stimulation of B cells, cMyc is
increased and enhances glycolysis and mitochondrial
biogenesis for the formation and maintenance of GCs (6).
Concomitantly, the NF-kB subunit cREL is activated and
increases the oxygen consumption and the glycolytic flux
favoring GC B cell survival (7) (Figure 1).

The mammalian target of rapamycin (mTOR) complex 1 is a
central controller of cell growth and proliferation. Thanks to
CD40 T cell help, mTORC1 is activated in the light zone of the
GC, promoting the anabolic program that sustains the B cell
proliferation in the dark zone of the GC (8). mTORC1 itself is
regulated by multiple signals such as growth factors, amino acids,
or cellular energy. Thus, under metabolic stress, anabolic
processes must be inhibited to ensure available nutrients. In
this situation, the 5’ adenosine monophosphate activated protein
kinase (AMPK) is one major regulator. This enzyme is activated
because available energy decreases. AMPK then reduces the
activity of mTORC1 to limit energy consumption (9) and
promotes B cell survival under starvation. Protein Kinase C-b
(PKCb) is another important key regulator of metabolic
reprogramming in B cells and B cell fate. PKCb activates
mTORC1 signaling leading to mitochondrial remodeling for
Frontiers in Immunology | www.frontiersin.org 2205
plasma cell differentiation (10). Ras-related guanosine
triphosphate hydrolase (GTPase) R-Ras2 plays also a pivotal
role in the development of GC response and B cell expansion. R-
Ras2 is essential for the mitochondrial replication and glucose
metabolism to supply the energy required for the generation of
effective antibody responses (11).

Other Metabolisms in B Cells
Glucose can be also catabolized in the pentose phosphate
pathway by the glucose 6-phosphate dehydrogenase to ribose
5-phosphate used for nucleic acid synthesis (Figure 1). The
reaction is associated with the generation of NADH which is
needed for the fatty acid synthesis to provide the demands during
the proliferation and the differentiation responses of the B
cells (12).

Moreover, following glucose catabolization, pyruvate can be
transported into the mitochondrial matrix of B cells thanks to
Mitochondrial pyruvate carrier 2 (Mpc2) to be converted in
acetyl-CoA which is oxidized to CO2 in the tricarboxylic acid
(TCA) cycle also called Krebs or citric acid cycle. During this
cascade reactions, NADH and FADH2 are generated serving as
electron donors for the electron transport chain which is
required for the generation of ATP molecules. This oxidative
phosphorylation (OXPHOS) pathway inducing lipid metabolism
is efficient in the generation of ATP and is mainly engaged
during B cell proliferation. It is positively regulated by mTORC1,
cMyc, PKCb, cRel and R-Ras2, and negatively regulated by the
glycogen synthase kinase 3 (GSK3) which can participate in B
cell growth, proliferation and metabolic activity and the TNF
receptor associated factor 3 (TRAF3) (13).

Another substrate for energy production comes from
glutamine. This amino acid can be transformed into glutamate
and then catabolized to a-ketoglutarate for the Krebs cycle
during glutaminolysis. This pathway provides additional
substrate for the generation of ATP molecules required for the
B cell responses (12).

The Provision for the Maturation
Naïve Versus Activated, Memory, and
Plasma B Cells
All metabolic demands of B cells are adjusted to their functional
needs, naïve resting B cells having different metabolic
profile compared with stimulated activated B cells. Naïve
follicular B cells entering GCs preferentially use fatty acid
oxidation as an energy source over glycolysis (14). Differential
metabolite needs will have further consequences, particularly in
memory B cell functions, be it Ab-producing cell differentiation
or re-entry into GCs for additional somatic hypermutation.
Stimulation of B cell activating factor (BAFF) that provides
survival signal to B cells (15) increases glycolysis and
induces differentiation into Ab-producing cells (16). Upon
either Toll-like receptors (TLRs), CD40 or BCR stimulation,
control B cells have a balanced increase in lactate production and
oxygen consumption, with proportionally increased glucose
transporter 1 (Glut1) expression leading to enhance glucose
uptake and mitochondrial mass (17). Consistently, the
September 2021 | Volume 12 | Article 735463
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glycolytic inhibition suppresses the B cell proliferation and Ab
secretion, and Glut1 defective expression reduces B cell numbers
and impairs Ab production. In contrast, anergic B cells remain
metabolically quiescent even after TLR stimulation, with only a
modest increase in glycolysis and oxygen consumption. The
Glut1-dependent metabolic reprogramming appears pivotal for
the B cell proliferation and Ab production, and is a critically
regulated pathway in tolerance.

Differential metabolic program clearly orients the B cell fate.
High PI3K/AKT/mTOR signaling inactivates the transcription
factor FOXO1 but induces the transcription factor IRF4 which
drives the plasma cell differentiation. This occurs through the
activation of genes encoding proteins among which GLUT1 that
contribute to glycolysis. In contrast, low PI3K/AKT/mTOR
Frontiers in Immunology | www.frontiersin.org 3206
signaling drives self-renewal of the B cells and leads to features
of a memory or GC B cell fate inducing FOXO1 and PAX5 with
decreased IRF4 level (18). This alternative differentiation arises
likely through the inhibition of glycolysis (19). Blimp-1 which is
a well-known transcription factor involved in plasma cell
differentiation controls the size of plasma cells through the
regulation of mTORC1 (20) highlighting once again the
importance of precise metabolic reprogramming to adapt to
the energy needs and the B cell orientation.

Immature Versus Mature B Cells
In line with the fine control of the metabolic profile, the
Hypoxia-inducible factor (HIF) HIF-1a is a transcription
factor recently described able to reprogram immune cell
FIGURE 1 | Overview of the metabolic pathways and stimulatory signals in activated B cells. Glucose has a pivotal role in the supply of energy and biomolecules.
GLUT1 regulates glucose transport allowing glucose to fuel the glycolytic pathway and the TCA cycle within the mitochondria. The TCA cycle produces NADH and
FADH2, which deliver electrons flux to the Electron Transport Chain for ATP generation during the oxidative phosphorylation. B cell metabolism can shunt from these
pathways toward the pentose phosphate pathway (PPP) to increase nucleotide biosynthesis. In activated B cells, the high flux of glucose grants the biomolecules
required for the cell expansion. Because of that, there is a large production of lactate and increased lipid synthesis. Fatty acid oxidation and glutaminolysis reactions
are also increased to sustain the TCA cycle and replace the intermediates consumed in other biological processes. Stimulatory signals from the BCR and TLRs or
from CD40 or BAFFR co-stimulatory molecules activate intra-cellular pathways with the recruitment of transcription factors leading to the transcription of glycolysis
genes in the nucleus. The induction of the metabolic programs is under the control of numerous transcription factors, miRNA and enzymes that have positive
(pointed arrow) or inhibitory (flattened arrow) effects. Only intermediates, transcription factors, enzymes and signaling molecules mentioned in the review are shown.
a-KG, a-ketoglutarate; AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate; BCR, B cell receptor; F1,6BP, Fructose 1,6-bisphosphate; F2,6BP,
Fructose 2,6-bisphosphate; F6P, Fructose 6-phosphate; G6P, Glucose 6-phosphate; G6PD, Glucose-6-phosphate dehydrogenase; GPI1, glucose-6-phosphate
isomerase; 6PGL, 6-Phosphogluconolactonase; GSK3, glycogen synthase kinase 3; HK2, Hexokinase 2; LDHA, lactate dehydrogenase A chain; OXPHOS, Oxidative
phosphorylation; PEP, Phosphoenolpyruvate; PFK1, Phosphofructokinase 1; PFK2, Phosphofructokinase 2; PP2A, Protein phosphatase 2; TLR, Toll-like receptor.
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metabolism by the activation of genes encoding glucose
transporters and glycolytic enzymes for the importation of
glucose and its conversion into lactate. HIF-1 expression is
essential for B cell development as its activity varies from high
into human and murine bone marrow pro-B and pre-B cells to
low into the immature B cell stage. Genetic activation of HIF-1a
in murine B cells lowered surface BCR, CD19 and BAFF receptor
and increased expression of pro-apoptotic BIM molecule. These
modifications are associated with reduced repertoire diversity,
decreased BCR editing and lead to developmental arrest of
immature B cells. The HIF dynamic suppression and the
associated decreased BIM expression are thus required for
normal B cell development (21). Furthermore, by shifting from
oxidative metabolism to glycolytic metabolism HIF-1a also
regulates proliferation and function of mature B cells. HIF-1a
is induced after stimulation of the BCR through the ERK-STAT3
pathway and by stimulation of TLR via the NF-kB pathway (22).
The HIF-1a-associated enhanced glucose transport activity
correlates with an induced mRNAs expression of Glut1, Hk2,
pyruvate kinase M2 (Pkm2), lactate dehydrogenase A (Ldha),
phosphoinositide-dependent kinase 1 (Pdk1), and glucose-6-
phosphate isomerase 1 (Gpi1), all enzymes involved in
glycolysis. During proliferation, lactate production increases
together with consumption of essential amino acids. The
ensuing plasma cell differentiation and Ig secretion are linked
with alanine and glutamate production, amino acids
consumption, and increased production of lactate and 5’-
methylthioadenosine (MTA), glutamine being used as carbon
and energy sources (23).

Antigenic Influence for Antibody Production
To go further in the complexity of the metabolic reprogramming,
pathways will also differ depending on the antigenic stimulation
and the subsets of B cells activated. During the T cell-
independent (TI) short-lived plasma cell (SLPC) production
from marginal zone (MZ) B cells, glycolysis is involved with
mTOR activating transmembrane activator and CAML
interactor (TACI) receptor pathway via MyD88. This
intracellular signaling induces proliferation of MZ B cells and
genetic recombination for the SLPC differentiation (24). The TI
antigen-induced IgM antibody production is regulated by
different pathways. Specifically, the acquisition and utilization
of key nutrients, including glucose and glutamine, are under the
control of the Let-7 miRNAs members. They inhibit the B cell
activation due to suppression of glucose and glutamine
utilization, through a mechanism regulating c-Myc to directly
target the hexokinase Hk2 and repress the glutamine transporter
Slc1a5 as well as a key degradation enzyme glutaminase (Gls).
Restricting the availability of necessary nutrients alters the TI
IgM production without any effect on the OXPHOS
pathway (25).

In contrast to what is observed in SLPC, during the T cell-
dependent (TD) class-switching and long-lived plasma cell
(LLPC) production, nutrient and glucose uptake are elevated,
and provide survival and energy metabolism for antibody-
secreting activities (26). Throughout the development of the
TD response, glycolysis is not affected in stimulated B cells, but
Frontiers in Immunology | www.frontiersin.org 4207
the OXPHOS is increased, and the TCA cycle and the nucleotide
biosynthesis are also elevated to respond to the metabolic
demands of the B cell growth and differentiation (27). There is
a positive effect of glucose uptake and catabolism on plasma cell
longevity and function. LLPCs take higher levels of glucose and
glutamine than do SLPCs under homeostatic conditions.
Furthermore, nutrients that can be provided through
autophagy are also higher in LLPCs to be catabolized and
directed to mitochondria for ATP generation. These
metabolites can be used in synthesis and glycosylation of
antibodies. It should be noted that while endoplasmic
reticulum stress is equivalent between plasma cell subsets,
SLPCs degrade antibody molecules more than LLPCs.
Consequently, despite equivalent rates of protein and antibody
synthesis, LLPCs secrete more antibody molecules than SLPCs.
Then, under limiting nutrient availability and low ATP
generation, LLPCs increases their basal respiratory capacity to
compensate, in contrast to SLPCs that are unable to mobilize this
function and therefore initiate programmed cell death
pathways (28).

L‐glutamine is known for a while to be essential for both
proliferation, plasma cell differentiation and Ab production of
human B cells (29). Tryptophan is another essential amino acid
with significant role in sustaining immune function. Its
catabolism is under the control of indoleamine-2,3-
dioxygenase (IDO), using the metabolic-stress sensing protein
kinase GCN2 as a primary downstream effector. However, the
role of IDO is still complex to maintain proper B cell responses.
IDO-1 can be associated with an immunosuppressive role whilst
IDO-2 is rather associated with pro-inflammatory responses
(30). Interestingly, activation of GCN2 reduces anti-DNA
autoantibodies and protects lupus-prone mice from disease.
This indicates that GCN2 is another additional metabolic
enzyme in B cells playing a key role in regulating the
tolerogenic response to apoptotic cells and limiting
autoimmunity (31).

Overall, the metabolic pathways of glucose, fatty acid and
amino acids appear remarkably interconnected and can be finely
co-regulated to influence the B cell behavior. As an example,
mTOR regulates both glycolysis and fatty acid synthesis in
activated B cells, detects amino acids and growth factors,
promotes mRNA translation and lipid synthesis, all pathways
oriented to support B cell growth (32). The involvement of
numerous physiological signaling highlights the complex
interplay between cell surface receptors and the different
metabolic pathways to govern the B cell maturation.
THE INTRA-SIGNALLING PATHWAYS IN
THE REGULATORY FUNCTIONS

Metabolic programs are clearly involved in the B cell
development from precursor to immature stage until activation
for GC responses and terminal plasma cell differentiation.
However, metabolic nutrients are also required for immune
cell function acquisition (33) and to switch from effector
September 2021 | Volume 12 | Article 735463
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immune cells to regulatory immune cells (34). While largely
delineated in T lymphocytes (35), there is much less data
available in B lymphocytes (36, 37).

Based on their phenotype, B cells are grouped into B1 and B2
cells which are CD11b+ and CD11b-, respectively. The majority
of B cells classified into follicular (FO) B cells located in
lymphoid follicles of secondary lymphoid tissues and the
circulation, and MZ B cells mainly found in the spleen belongs
to B2 cells. B1 cells found in the fetal liver and in peritoneal
cavity can be further divided into CD11b+CD5+ B1a cells and
CD11b+CD5- B1b cells (38).

Regulatory B (Breg) lymphocytes have been described for
decades now in mice and in humans. It is still unclear whether
Breg cells originated from specific precursors or appeared
following stimulation of various populations from B1 and/or
B2 cells. The abundant literature strongly suggests that they
correspond to diverse subpopulations of B cells issued from
different groups and/or from different maturation stages
according to their phenotypes and/or activities. In mice, CD5+

B1a cells, CD5+CD1dhigh B10 cells, CD21highCD23- MZ cells,
CD21hiCD23hiCD24hiCD1dhi transitional type 2 MZ precursor
(T2-MZP) cells, Tim1+ B2 cells, CD24highCD27+ memory cells,
CD138+CD44high plasmablast, or CD138+B200+ plasma cells
have been identified as Bregs. Likewise, CD5+ Br3 cells,
CD24highCD27+ B10 cells, CD24highCD38high transitional
cells, CD25highCD71highCD73- Br1 cells, CD24highCD27+

memory cells, or CD24highCD27intCD38+ plasmablast in
humans have been associated with regulatory activities (39).
They participate to the control of tolerance and restrain the
development of improper immune responses through direct cell-
to-cell contact with targeted cells and/or through the production
of cytokines such as IL-10, TGFb or IL-35 (Table 1). Hence,
dysfunctional Bregs have been suspected to contribute to the
expansion of aberrant autoimmunity (40–42), of uncontrolled
inflammatory responses (43), of inappropriate tumor
development (44), as well as graft rejection (45) or allergic
reactions (46). Notwithstanding their important contributions
in the control of various immune-mediated responses, little is
known about the intracellular pathways leading to their
Frontiers in Immunology | www.frontiersin.org 5208
differentiation and governing the acquisition of their functions
as well as the incidence of metabolic programs (47, 48).

The Activation Pathways
Generally speaking, activation of B cells is triggered through
ubiquitous pathways. Syk tyrosine kinase phosphorylates the
phospholipase C gamma 2 (PLCg2) leading to the cleavage of
the phosphatidylinositol-4,5-bisphosphate (PI (4,5)P2) into
inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG).
With calcium entry, binding of IP3 on its receptor on the
endoplasmic reticulum induces activation of the calmodulin
kinase (CaMK II) and of the calcineurin (phosphatase 2B). The
phosphatase activity of calcineurin enables activation of the p38
Mitogen-activated protein kinase (MAPK) cascade for the
translocation of NFAT into the nucleus to launch the B cell
response (49). These pathways can be differentially activated to
orient the B cell regulatory activities based on the stimulating
receptor engaged.

Stimulation of the BCR can generate calcium-dependent
signals responsible for the development of Breg function
specifically the production of the anti-inflammatory cytokine IL-
10 due to induction of the store-operated calcium (SOC) influx
(50). SOC influx is triggered by depletion of calcium from the
endoplasmic reticulum which is dependent on the stromal
interaction molecule (STIM) 1 and STIM2 sensors. B cell-
specific deletion of STIM1 and STIM2 in mice causes altered
NFAT activation after BCR stimulation and subsequently
decreased production of IL-10 resulting in exacerbation of
autoimmune disease. These observations highlight the STIM-
dependent SOC influx following BCR engagement as a critical
signal for the development of effective Breg cells capable to
limit autoimmunity.

TLR9 is another well-known potent activator of Breg
functions (51, 52). Recently, TLR9 stimulation has been shown
to induce production of IL-10 as well as the pro-inflammatory
cytokine IL-6 but through partially disconnected intra-cellular
pathways. IL-10 and IL-6 secretion are both dependent on the
Syk and Bruton’s tyrosine kinases. However, the TLR9-induced
IL-10 production and secretion by Breg cells specifically requires
TABLE 1 | Diverse regulatory B cell subsets.

B cell type Species Associated cytokines Location

CD5+ B1a cells Mouse IL-10 Spleen and Bone marrow
CD5+CD1dhigh B10 cells Mouse IL-10 Spleen
CD21highCD23- Marginal Zone (MZ) cells Mouse IL-10 Spleen
CD21highCD23highCD24highCD1high Transitional type 2-MZ Precursor cells Mouse IL-10 Spleen
Tim1+ B2 cells Mouse IL-10 Spleen and lymph nodes
CD25highCD69high B2 cells Mouse TGFb Blood and inflammation sites
CD24highCD27+ memory cells Mouse IL-10 Blood
CD138+CD44high plasmablasts Mouse IL-10 draining lymph nodes
CD138+B200+ plasma cells Mouse IL-10 and IL-35 Spleen
CD5+ Br3 cells Human TGFb Blood
CD24highCD27+ B10 cells Human IL-10 Blood
CD24highCD38high transitional cells Human IL-10 and TGFb Blood and inflammation sites
CD24highCD27+ memory cells Human IL-10 and TGFb Blood and inflammation sites
CD25highCD71highCD73- Br1 cells Human IL-10 Blood
CD24highCD27intCD38+ plasmablasts Human IL-10 Blood
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calcineurin pathway with increased phosphorylation of CaMKII,
whilst IL-6 production is not associated with this calcium-
dependent pathway (53). Nevertheless, the TLR9-dependent
IL-10 production does not require the phosphatase activity of
calcineurin and is negatively regulated by NFAT (54).

Aryl hydrocarbon receptor (AhR) described as an important
regulator of the development and function of innate and adaptive
immune cells (55) is the latest identified transcription factor
involved in the control of the differentiation and function of
Bregs, among which the IL-10-producing CD21hiCD24hi Breg
cells in mice and in humans. AhR retrains their differentiation
into cells that contribute to inflammation, since the loss of AhR
orients the cells towards inflammatory profile with diminished
production of IL-10 (56). AhR-deficient mice show significant
reduction in IL-10-producing Breg cells and regulatory T (Treg)
cells, and display increased Th1 and Th17 cells associated with
exacerbated inflammation and arthritis. Arthritic mice, similarly
to rheumatoid arthritis (RA) patients who have lower butyrate
levels compared to healthy controls, have a significant reduction
in microbial-derived short-chain fatty acids (SCFAs) (57). A
SCFA butyrate supplementation can induce two AhR ligands
associated with Trp metabolism, 5-hydroxyindole-3-acetic acid
and kynurenic acid, which lead to an increased production of
IL-10 transcription in T2-MZP Breg cells, likely through the
downstream p38 MAPK activation (58). The AhR-dependent
orientation of B cells into IL-10 Breg is correlated with the
inhibition of GC and plasmablast differentiation and ultimately
with a reduction of the pro-arthritogenic response.

Importantly, the B cell fate also depends on the BCR signal
strength. A recent study demonstrated that weak BCR
engagement induces apoptosis due to the inability to activate
NF-kB-driven anti-apoptotic gene expression. In contrast strong
BCR engagement triggering robust calcium response promotes
NF-kB-dependent survival and NFAT-, mTORC1-, and c-Myc-
dependent survival and proliferative response (59). CD40 or
TLR9 co-stimulation, known to be inducers of functional Bregs
(60) avoid these calcium-regulated checkpoints compensating
for weak BCR/calcium signals to rescue NF-kB- and mTORC1-
dependent fates. These observations suggest that CD40 and
TLR9 activation providing stronger stimulating signals allow
Breg function to develop by bypassing stimulating NF-kB and
mTORC1 pathways in B cells.

The Metabolic Pathways
Despite the high diversity of subset, little information is
beginning to emerge on the behavior of metabolic pathways in
Breg cells. The development of Bregs and Breg functions seem to
be also closely associated with metabolic reprogramming
(Figure 2). HIF-1a and HIF-2a transcription factors are
essential for the induction of cellular response to hypoxia.
Their regulatory functions have been demonstrated in
macrophages and T lymphocytes showing their involvement in
inflammatory and infection responses (61, 62). In B
lymphocytes, TLR or BCR stimulation also induces the
expression of HIF-1a, in an oxygen-independent way. The
induction of the HIF-1a gene is mediated by the ERK-STAT3
pathway, with Ser727 phosphorylation of STAT3 (22).
Frontiers in Immunology | www.frontiersin.org 6209
In HIF-1a-B cell deficient mice, a reduced number of
CD5+CD1dhi Breg cells is observed in the peritoneum with a
decreased production of IL-10. The reduced Breg number is
associated with lowered number of Tr1 Treg cells and intensified
autoimmune manifestation. HIF-1a is important for the
expansion of the IL-10 Bregs not only in the peritoneal cavity
but also in the bone marrow, the spleen and the inguinal lymph
nodes of the mice (22). CD5+CD1dhi Breg cells preferentially use
the glucose metabolism since they display an increased glucose
transport activity compared to the CD5-CD1dlow B cells. The
impaired expansion of CD5+CD1dhi IL-10 Bregs in HIF-1a-
deficient mice is associated with a decreased expression of the
Glut1, Pkm2, Hk2, Ldha, Pdk1 and Gpi1 glycolytic enzymes in all
compartments. These observations highlight the glucose
metabolism as an essential mechanism for the expansion of the
B1a Bregs regardless of the compartment (63). In wild-type mice,
TLR or BCR activation induces the expression of HIF-1a which
binds to hypoxia response elements in the IL-10 promoter
essential for the production of IL-10. By induction of
glycolysis, HIF-1a also participates in the expansion of the
CD5+CD1dhi Breg cells which then recruit Treg lymphocytes
for a better control of tolerance (64).

However, the development of B1 B cells and their related Breg
functions are still not completely understood and the metabolic
program is increasingly an underestimated safeguard. The
IKAROS transcription factor encoded by the IKZF1 gene is a
multifunctional protein regulating not only hematopoietic stem
cells and lymphopoiesis (65), but also coordinating self-renewal
which is a main characteristics of B1 B cells (38, 66). Deletion of
IKAROS in mice leads to an increase of splenic and bone marrow
B1 cells with down-regulation of signaling components
important for inhibiting proliferation and immunoglobulin
production (67). IKZF1 enforces a state of chronic energy
deprivation, resulting in constitutive activation of the energy-
stress sensor AMPK (68) and reduced mTORC1 activity (9) to
limit energy consumption. Hence, IKAROS appears as a negative
regulator of the development and the functions of B1 B cells
through the control of the AMPK-dependent metabolic pathway.

Balance between positive and negative regulators influences
the development of B1 B cells. It is also interesting to note that B1
B cells, considered as innate like B cells involved in the first line
of defense against pathogens (69), are bioenergetically more
active than normal B2 B cells. They not only depend on
glycolysis but show higher rates of glycolysis and oxidative
phosphorylation. They take up exogenous fatty acids and store
lipids in droplet form. These specific characteristics suggest that
B1 B cells follow distinct metabolism to adapt to their specific
functional properties (70) as well as their particular localization
(71). cMyc which is up-regulated in B1 B cells (72) could be a
pre-determining genetic factor in the unique B1 B cell metabolic
characteristics as it is a positive regulator of glycolysis and
oxidative phosphorylation (16, 73), and subsequently an
intrinsic factor in the orientation towards Breg capacities.

The PI3Kd-AKT-GSK3 cascade is an alternative signaling
pathway of Breg cells. This pathway drives IL-10 production
under the control of cholesterol metabolism. Synthesis of the
metabolic intermediate geranylgeranyl pyrophosphate (GGPP) is
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required to specifically drive the BLIMP1-dependent IL-10
production in all Breg subsets measured. The provision of
GGPP is mandatory for the induction of the regulatory function
to attenuate Th1 responses. Thus, patients with inherited gene
mutations in cholesterol metabolism develop severe auto
inflammatory syndrome associated with poor IL-10 production
(74). Metabolic supplementation with GGPP can reverse the
defect, and synthesis of this metabolic intermediate, from the
Acetyl-CoA cascade prior to stimulation, activates intracellular
pathways inducing the transcription factor BLIMP1, known to
contribute to the plasma cell differentiation (75). Stimulation of
TLR9 can activate the PI3Kd-AKT-GSK3 cascade inducing
BLIMP1, which unexpectedly promotes IL-10 gene expression
(76) driving the regulatory function of B cells (Figure 2).

Overall, B1 and B2 cells exhibit distinct metabolic profiles and
B1a and numerous Bregs produce IL-10 through distinct
metabolic pathways. These observations raise two important
Frontiers in Immunology | www.frontiersin.org 7210
questions. The first is to know whether common metabolic
program can be found in all Breg subpopulations or if each
Breg subset develops regulatory activity through specific
metabolic cascades. The second is to determine which
metabolic programs are altered in Bregs in pathological
situations. The consideration of the Breg subset involved and
their particular environment should likely help to understand the
trigger signals. Further investigations are needed.
MALIGNANT AND AUTOIMMUNE
SITUATIONS OF B CELLS

The Abnormal Metabolic Program
The importance of the metabolic remodeling in malignant B cell
development is now well documented. cMyc but also HIF-1a are
FIGURE 2 | Survey of metabolic programs in Breg cells. Metabolic and regulatory programs share common signaling cascades in B cells developing regulatory
properties. Activation signals from the BCR and TLR9 induce different intracellular pathways triggering HIF-1a a key player that govern transcription of the prototypic
regulatory cytokine IL-10 gene and genes involved in the metabolic programs into the nucleus. The polarization into Breg cells is under the control of a number
of transcription factors and enzymes having positive (pointed arrow) or inhibitory (flattened arrow) effects. Glycolysis has a central role to generate energy and
biomolecules. Through the GLUT1 transporter, glucose fuels the TCA cycle within the mitochondria. During the TCA cycle, energy is generated through oxidative
phosphorylation and fatty acid oxidation brings additional substrates to the TCA cycle and increases lipid synthesis. One intermediate of this pathway, the GGPP
molecule produced during cholesterol metabolism induces Blimp1 another key transcription factor of the Breg program following TLR9 stimulation leading to
enhanced IL-10 production. The co-stimulatory CD40 molecule can also stimulates HIF-1a to circumvent the BCR-dependent cascade and contributes to the Breg
polarization. a-KG, a-ketoglutarate; AMPK, AMP-activated protein kinase; ATP, adenosine triphosphate; BCR, B cell receptor; GGPP, geranylgeranyl
pyrophosphate; GSK3, glycogen synthase kinase 3; OXPHOS, Oxidative phosphorylation; STIM, stromal interaction molecule; TLR, Toll-like receptor.
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important regulators of the glucose metabolism involved in the
oncogenic transformation of the B cells (77). Moreover, cholesterol,
GGPP, oxysterols and SCFAs are lipid metabolites that affect the
lipid metabolism and favor the oncogenic transformation. The
microenvironment factors such as hypoxia and nutrients
competition affect also the B cell lipid metabolism which
contribute to the development of tumor-associated B cells (78).

Furthermore, the metabolic regulation of B cells is of
importance for the understanding of their role. In‐vitro studies
have shown that glucose impairs B1 cell function in diabetes. In
high concentrations, glucose reduces the differentiation of B1
cells into antibody‐producing cells and their secretion of IgM in
association with decreased proliferation and increased apoptosis
(79). Although not clearly understood, these observations
highlight the importance of the metabolic environment for the
functional orientation of the B cells and likely enough into Breg
cells, and the impact that metabolic deregulation can have on
autoreactive and malignant B cell development (80).

Additional molecules are involved in the control of B cell
metabolism to impede the malignant transformation by the
restriction of nutrients. The transcription factors PAX5 and
IKAROS are not only critical for B cell development but act
also as negative regulators to control aberrant B cell
transformation. They enforce a state of chronic energy
deprivation, by limiting the glucose uptake and the ATP levels
acting as gatekeeper in B cell malignancies. PAX5 and IKZF1
genes are thus altered in B cell acute lymphoblastic leukemia or
in BCR-ABL1-transformed pre-B cells in which glucose uptake
and ATP levels are increased (68). The feedback inhibitors of the
MyD88-NF-kB signaling pathway are thus impaired in
malignant transformation of B cells leading to systemic
inflammation due to increased glucose uptake and energy
supply. Moreover, there is a constitutive low PPP activity in
normal B cells and a transcriptional repression of G6PD and
other key PPP enzymes by PAX5 and IKZF1 to avoid the B cell
transformation. In tumor B cells, the serine/threonine-protein
phosphatase 2A (PP2A) redirects glucose from glycolysis to the
PPP utilization to salvage oxidative stress, reprogram the
increased metabolic demand and activate the oncogenic
transformation (81). B cell malignancies are clearly associated
with an uncontrolled specific metabolic program. When
energetic needs required for proliferation and maturation
during the B cell development are no longer under control,
aberrant cell growth and malignant transformation arise which
might also affect Breg subsets.

Autoimmunity is another abnormal situation of particular B
cell expansion or tolerance breakdown associated with
modification of the metabolic profile. Systemic lupus
erythematosus (SLE) B cells exhibit elevated mTORC1 activity
facilitating the plasmablast expansion (82). TLR9 stimulation
associated with IFN-a activate mTORC1 and produce lactate
that induce the differentiation of CD27+IgD+ unswitched
memory B cells into CD27highCD38high plasmablasts (83). In
contrast, TLR9 stimulation alone activates AMPK and suppress
mTORC1 leading to the differentiation of the CD27+IgD+

unswitched memory B cells into CD27-IgD- memory B cells
associated with elevated cytokine production. While plasma cells
Frontiers in Immunology | www.frontiersin.org 8211
mainly rely on glycolysis and memory B cells mostly depend on
oxidative phosphorylation, this study indicates that aberrant
mTORC1 expression in SLE contributes to increased
plasmablast expansion that might also influence activities of Bregs.

Susceptibility gene that characterizes autoimmune situations
could be associated with metabolic-dependent B cell
dysfunctions. As a recent example in mice, increased
expression of solute carrier family 15 member 4 (SLC15A4)
encoded protein, an endosomal transporter regulating
endosomal pH, lowered endolysosomal pH and therefore
reduces the threshold for mTOR-dependent TLR7 or TLR9
activation (84). This unexpected link would facilitate an
aberrant IFN type I response in human SLE patients in which
SLC15A4 susceptibility gene has been observed although this has
yet to be demonstrated (85). Such dysfunctions could be
extended to the effectiveness of Breg activities, but this remains
also to be evaluated.

The Inappropriate Activation
Aberrant activation of metabolic programs could result from
improper stimulatory signals. Deficiency of the transcription
factor IKAROS, encoded by the IKSF1 gene, is not only
associated with decreased number of B cells and lack of plasma
cells (86) but also with hyper-activation of TLR signaling in
autoreactive B cells (87). Through the promotion of the BCR
anergy and the restriction of TLR signaling, IKAROS appears to
be another gatekeeper preventing autoimmunity in its property
of modulating the metabolic nutrients in B cells.

Other molecules can be also involved. As mentioned earlier,
BAFF and BCR signals increase glucose metabolism
and glycolysis. They promote pyruvate influx into the
mitochondria, which is essential for the survival of LLPC due
to an increased expression of mTORC1 (88). Moreover, BAFF
overexpression contributes to autoimmune disorders in mice as
well as in humans (15, 89). In accordance with this differential
activated cascades, inhibition of mTORC1 pathway by
rapamycin treatment of Raji and Daudi human B cell lines
inhibit BAFF-induced proliferation and survival by activation
of PP2A and suppression of the mTOR-mediated Erk1/2
signalings (90). The generation of antibody-secreting cells is
then abrogated (91). Similarly, in lupus-prone mice, B cells
hyperexpressed PI3K/AKT/mTOR molecules. Rapamycin
inhibit the B cell survival, proliferation and autoantibody
production (90). As suggested in SLE, these observations are
consistent with the idea that autoimmune B cells may be
associated with mTORC1-dependent increased metabolic
activity (92, 93). Thus, in a transgenic mouse model, B cells
overexposed to BAFF exhibit high glycolytic phenotype and
produce increased lupus-like autoantibodies (16).

TRAF3 is an adaptor molecule able to drive metabolic
reprogramming supporting autoreactive B cell activation.
Deficiency of TRAF3 leads to the induction of Glut1 and HK2
accompanying glucose uptake, increased anaerobic glycolysis and
oxidative phosphorylation (94). Moreover, deletion of this
signaling molecule in mice enhances cell survival leading to B-
cell lymphoma development associated with hyperglobulinemia
and enhanced TI-antibody responses (95). And as the
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mice aged, the pathological situation progresses into autoimmune
manifestations (96). TRAF3 appears as another critical regulator of
peripheral tolerance. Its defective expression results in
autoimmunity through metabolic reprogramming in B cells.

Among recent molecules identified has metabolic regulators
in B lymphocytes, GSK3 is instrumental for the generation and
maintenance of GC B cells (97). GSK3 limits cell growth,
proliferation and metabolic activity in resting B cells. But
after BCR stimulation and CD40 co-activation, GSK3
regulates the B cell size, the mitochondrial biogenesis, the
glycolysis and the production of ROS, to prevent apoptosis.
Activation of GSK3 and mTORC1 is induced by the PI3K
pathway to enhance glycolysis and respond to the novel energy
needs (37). The adaptor molecules Tandem PH domain
containing proteins (TAPPs) target the PI3K pathway and
can regulate this metabolic program. TAPPs bind with high
specificity to PI (3,4)P2. Uncoupling in TAPP Knock In (KI)
mice induces B cel l activation, abnormal GCs and
autoimmunity. Activation of TAPP KI B cells increases GSK3
activation and increases expression of glucose transport
GLUT1 and glycolysis contributing to the development of
autoreactive B cells (98). Inhibition of the PI3K may reverse
the TAPP-dependent increased metabolic activity, decreasing
GLUT1 expression and glucose uptake, and therefore reduces
the autoantibody production. These observations emphasize
that GSK3 and its regulators are involved in the control of
tolerance, and defective signals in autoimmune B cell expansion
through metabolic reprogramming.

Interestingly, GSK3b has been recently found highly expressed
in CD24hiCD27+ memory Breg cells. GSK3b specific inhibition
increases their proportion and immunosuppressive function
through enhanced expression of NFATc1 leading to IL-10
secretion (99). The proportions of the Breg subsets
CD24highCD38high transitional cells and CD24highCD27intCD38+

plasmablasts were also increased but not those of TIM1+ B2 cells
or CD25highCD71highCD73- Br1 cells. Inhibition of GSK3b thus
appears as an interesting approach to activate memory Bregs of
pathological situations in which inflammation is associated with
defective Bregs like chronic graft-versus host disease. However,
such strategy should be carefully planned. While CD24hiCD27+

memory Breg cells are also numerically decreased and functionally
impaired in the peripheral blood of RA patients, they are increased
in the synovial fluid and associated with bone destruction (100). In
this case, inhibition of GSK3b resulting in enhanced Breg activity
would be detrimental. Overall, future therapeutic strategy that
would target metabolic pathways of Breg cells must be cautionally
forecasted, however exciting it is and considered according to the
particularities of each disease.
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CONCLUSION

It has been recently postulated that metabolic restrictions might
pave the way for the elimination of malignant as well as
autoreactive B cells. This may happen through ATP
deprivation and oxidative damage called hyperactivation-
induced metabolic stress (101). Therapy targeting mTOR
activation with rapamycin or N-acetylcysteine could be also a
promising way to reduce the disease severity through the
restoration of efficient functional B cells. Regulation of the fatty
acid pathways, such as glucocorticoid treatment, is directly
linked to reduce leptin levels through inhibition of mTOR in
SLE patients. Therefore, drugs that modulate metabolic processes
might ameliorate the aberrant immune responses.

Because Bregs are functional B cells that control the immune
responses, they must be considered as potent therapeutic cells in
autoimmunity (40), in cancer (102), but also in transplantation
(103) and in allergy (104). Targeting Bregs could go through the
metabolic programming (105) opening new field of treatment
investigations either to enhance or to decrease their activities
depending on the pathophysiological conditions.

In conclusion, metabolic networks appear more than ever as
interesting targets for safe therapeutic modulation of the signaling
pathways that direct the regulatory function of the B cells. Taken
as a whole, deciphering the metabolic programs of normal and
disease-associated B cells, and in particular Breg cells should help
in the identification of drugs capable of restoring normal behavior
to set up the proper orientation of dysfunctional B cells underlying
malignant and autoimmune situations.
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The diversity of B cell subsets and their contribution to vaccine-induced immunity in
humans are not well elucidated but hold important implications for rational vaccine design.
Prior studies demonstrate that B cell subsets distinguished by immunoglobulin (Ig) isotype
expression exhibit divergent activation-induced fates. Here, the antigen-specific B cell
response to tetanus toxoid (TTd) booster vaccination was examined in healthy adults,
using a dual-TTd tetramer staining flow cytometry protocol. Unsupervised analyses of the
data revealed that prior to vaccination, IgM-expressing CD27+ B cells accounted for the
majority of TTd-binding B cells. 7 days following vaccination, there was an acute
expansion of TTd-binding plasmablasts (PB) predominantly expressing IgG, and a
minority expressing IgA or IgM. Frequencies of all PB subsets returned to baseline at
days 14 and 21. TTd-binding IgG+ and IgA+ memory B cells (MBC) exhibited a steady and
delayed maximal expansion compared to PB, peaking in frequencies at day 14. In
contrast, the number of TTd-binding IgM+IgD+CD27+ B cells and IgM-only CD27+ B
cells remain unchanged following vaccination. To examine TTd-binding capacity of IgG+

MBC and IgM+IgD+CD27+ B cells, surface TTd-tetramer was normalised to expression of
the B cell receptor-associated CD79b subunit. CD79b-normalised TTd binding increased
in IgG+ MBC, but remained unchanged in IgM+IgD+CD27+ B cells, and correlated with the
functional affinity index of plasma TTd-specific IgG antibodies, following vaccination.
Finally, frequencies of activated (PD-1+ICOS+) circulating follicular helper T cells (cTFH),
particularly of the CXCR3-CCR6- cTFH2 cell phenotype, at their peak expansion, strongly
predicted antigen-binding capacity of IgG+ MBC. These data highlight the phenotypic and
functional diversity of the B cell memory compartment, in their temporal kinetics, antigen-
binding capacities and association with cTFH cells, and are important parameters for
consideration in assessing vaccine-induced immune responses.
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INTRODUCTION

Long-term vaccine efficacy is established by generating a pool of
antigen-experienced memory lymphocytes that are primed to
react faster, with greater intensity, and in the case of B cells, with
the ability to bind antigen with higher affinity than in the
primary immune response. Memory B cells (MBC) and
antibody (Ab)-secreting plasma cells (PC)/plasmablasts (PB)
are the B cell-lineages responsible for mediating vaccine-
specific humoral immunity. Long-lived PC reside in bone
marrow stromal cell niches where they receive survival factors
that allow secretion of Abs for decades (1). In contrast, MBC
circulate quiescently in blood and lymphoid tissue and constitute
a reserve of cells capable of differentiating into PCs that produce
affinity-matured Abs. Upon re-challenge, MBC migrate to
subcapsular proliferative foci (SPF) in lymphoid tissue where
they interact with memory follicular helper T (TFH) cells and
undergo PB differentiation with heightened kinetics and
magnitude thereby boosting antigen-specific Ab production
(2). A proportion of re-activated MBC also seed germinal
centres (GC) (3, 4) where they undergo somatic hypermutation
(SHM) of their immunoglobulin (Ig) genes and are selected for
expression of B cell receptors (BCRs) with high affinity for
antigens by a limited number of TFH cells (5).

In humans, CD27 has been used as a marker of MBC as the
CD27+ B cell compartment is enriched for cells that exhibit rapid
activation kinetics compared to naïve B cells (6), possesses SHMs
in Ig genes (7) (indicating a post-GC history) and constitutes the
majority of isotype-switched B cells. However, approximately
50% of CD27+ B cells in blood are unswitched IgM-expressing
subsets (7) that include IgM+IgD+ and IgM+IgDlo (“IgM-only”)
populations, which are transcriptionally more similar to IgG+

MBC than to naïve B cells (8). While IgG+ and IgA+ MBC are
generated following GC reactions, the origin(s) of IgM+CD27+ B
cells are less well defined. IgM-only CD27+ B cells are proposed
to be post-GC B cells as these cells are absent in individuals with
congenital defects of GC formation (9). In contrast, the
derivation of IgM+IgD+CD27+ B cells, which are the
predominant IgM+CD27+ B cell population in blood, remains
unclear. At least a proportion of IgM+IgD+CD27+ B cells are GC-
derived because this subset is reduced in CD40 ligand-deficient
individuals (10) and somatic mutations in B-cell lymphoma
protein 6 (Bcl-6), acquired when Bcl-6 and activation-induced
cytidine deaminase are co-expressed in the GC, are present in a
proportion of IgM+IgD+CD27+ B cells (11, 12). Toll-like
receptors (TLRs) may also be involved in the maintenance
and/or generation of IgM+IgD+CD27+ B cells as genetic defects
in myeloid differentiation primary response 88, interleukin-1
receptor-associated kinase 4 and Toll/interleukin-1 receptor
domain-containing adapter protein, which transduce signalling
downstream of TLRs, result in significantly lower circulating
numbers of IgM+IgD+CD27+ B cells (13). Recently, it has been
proposed that the IgMhi subpopulation of IgM+IgD+CD27+

B cells represents circulating marginal zone-like B cells (14).
The biological implications of having such a heterogeneous
CD27+ B cell compartment are still unfolding. A small
Frontiers in Immunology | www.frontiersin.org 2217
minority of IgG+ and IgA+ MBC that lack CD27 also exist (9)
and exhibit low levels of SHM. IgG+CD27- MBC are enriched for
‘upstream’ IgG3 and IgG1 subclasses (9, 15, 16), have limited
replication history (9) and may therefore constitute early
products of GCs. IgA+CD27- MBC share molecular similarities
with IgA+ B cells found in gut lamina propria that likely arise
from T-independent responses (9). Alternatively, switched
CD27- B cells may derive from extrafollicular (EF) pathways of
differentiation, which are notably expanded in systemic lupus
erythematosus (17) and severe coronavirus disease-19 (18).

While IgM+CD27+ B cells exhibit characteristics of MBC,
including somatically mutated Ig (7) and Bcl-6 genes (11, 12)
acquired in GC reactions, heightened responsiveness to
stimulation (19) and transcriptional similarity with IgG+ MBC
(8), they also exhibit functional differences to classical switched
MBC. Akin to marginal zone B cells, IgM+CD27+ B cells may
serve important roles as ‘first responders’, as these cells are
capable of chemotaxis and isotype switching in response to
neutrophil-derived signals, including b2-adrenoceptor agonists
and interferon-g (8). Compared to IgG+ MBC, IgM+CD27+ B
cells are more chemotactically responsive to the GC-derived
CXC-motif chemokine ligand 13 (CXCL13) and upregulate
Bcl-6 upon BCR stimulation, indicating a GC-biased activation
fate (8). In contrast, IgG+ MBC are primed for plasma cell
differentiation (3, 4, 8), which may be due to a combination of
an inherently effective signalling capacity of the IgG BCR (20, 21)
and low expression of repressors of plasma cell differentiation
Forkhead Box P1 (22) and BTB Domain and CNC Homolog 2
(23). In mice, the IgG1+ MBC subset is enriched for cells
exhibiting the co-stimulation-primed CD80+PD-L2+CD73+

phenotype (24). The enhanced differentiation propensity of
IgG+ MBC may also affect their long-term stability. In a mouse
model of phycoerythrin (PE) immunisation, Pape et al. reported
that PE-specific IgM+ MBC were longer-lived than PE-specific
IgG+ MBC (4). In part, effector differentiation propensity may be
explained by molecular characteristics of the IgG BCR that allow
for an intrinsically high burst-forming capacity (25). However,
BCR affinity for antigens is also a likely factor that contributes to
the effector differentiation potential of IgG+ MBC, because high
BCR affinity reduces the threshold of B cell activation (26). The
notion of BCR affinity as a factor that may affect MBC longevity
is supported by another study conducted by Pape et al. that
demonstrated that BCR affinity was inversely associated with
MBC half-life, irrespective of BCR Ig isotype (27). Of importance
to MBC affinity maturation is the TFH cell subset of CD4+ T cells
which reside in limited numbers in SPF of lymphoid tissues (2)
and GC (5) and provide selective help to B cells capable of
binding antigen with high affinity (5). Despite recognition of the
divergent nature of switched and unswitched MBC, the
contribution of MBC defined by BCR Ig isotype, and factors
that may regulate their longevity, to vaccine-specific Ab
responses are not well studied in humans.

To gain insight into the B cell subsets involved in memory and
recall responses to vaccines, we studied the B cell and antibody
response to tetanus toxoid (TTd), as a model of a prototypical
T-dependent antigen, in healthy adults before and after
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immunisation with adult diphtheria tetanus toxoid (ADT) vaccine.
Here, we show that human TTd-specific B cells are diverse;
distinguished not only by BCR Ig isotype but also by pre- and
post-vaccination frequencies, expansion dynamics, maturation of
affinity and associations with frequencies of circulating TFH (cTFH)
cells, particularly the cTFH2 cell subpopulation. Our data suggest
that while the generation of IgG+ MBC and PB with high affinity
BCRs is a hallmark of the effector response, the immune system
retains a pool of stable, low-affinity IgM+CD27+ B cells.
Furthermore, we demonstrate, that cTFH cell expansion after
vaccination is a strong predictor of BCR affinity maturation
amongst IgG+ MBC, but not of their clonal expansion. These
findings enhance our understanding of the mechanisms that
underlie the generation of antibody responses and have important
implications for the improvement of vaccine efficacy and longevity.
RESULTS

Levels and Functional Affinity of TTd-
Specific IgG Antibodies in Plasma
Increase Following Vaccination
We first investigated the TTd-specific humoral immune response
to ADT vaccination in 10 healthy adults. Plasma samples
collected before and at 7, 14 and 21 days following ADT
vaccination were assayed using an in-house TTd-specific IgG
Ab ELISA to measure levels of TTd-specific IgG Abs. Levels of
plasma TTd-specific IgG Abs increased following vaccination
(p<0.0001; Friedman test) and TTd-specific IgG Ab levels were
significantly higher than pre-vaccination levels at days 7
(p<0.05), 14 and 21 post-vaccination (p<0.0005; Dunn’s
multiple comparison test; Figure 1A).

The same ELISA was modified to include an extra step where
each sample was pulsed with the chaotrope urea at a pre-titrated
concentration of 8M in order to elute low-affinity IgG Abs. By
Frontiers in Immunology | www.frontiersin.org 3218
calculating reciprocal half-maximal binding (1/EC50) of 8M
urea-pulsed samples as a percentage of the same sample pulsed
with PBS, functional affinity of polyclonal IgG Abs can be
quantified (28, 29). Functional affinity index (FAI) of plasma
TTd-specific IgG Abs increased following vaccination (p = 0.008;
Figure 1B). FAI of TTd-specific IgG Abs were higher than pre-
vaccination levels at days 14 and 21 (p<0.05 for both; Figure 1B).
Levels of TTd-specific IgG Abs and FAI moderately correlated
(r=0.38, p=0.02; Spearman’s correlation). These data show that
both Ab level and functional affinity of TTd Abs increased
following ADT booster vaccination.

Dual Tetramer Staining Identifies TTd-
Specific B Cells and Plasmablasts
Having shown that TTd-specific IgG Ab responses were boosted
by vaccination, we next sought to determine the phenotypes of
TTd-specific B cell subsets elicited following vaccination. To do
this, a dual tetramer staining methodology was employed, as also
recently described by others (30, 31). TTd was tetramerised with
either BV421 or AF647, and subsequently, peripheral blood
mononuclear cells (PBMC) were stained with equimolar
amounts of each tetramer. TTd-specific B cells were defined as
events that bound with proportional fluorescence intensities to
each tetramer (Figure 2A). In contrast, single positive events are
likely B cells that react with the fluorochrome portion of each
tetramer rather than to epitopes of TTd and are therefore
excluded to enhance the specificity of antigen-specific B cell
discrimination (Figure 2A). To demonstrate that the dual TTd
tetramer staining strategy was highly specific, PBMC samples of
five individuals obtained 14 days following vaccination were pre-
treated with either unlabelled TTd at a 100 molar excess of the
TTd tetramers, or with flow cytometry buffer (FCB; 1% bovine
serum albumin (BSA)/phosphate buffered saline (PBS)), for 30
minutes, prior to adding TTd tetramers. Compared to FCB pre-
treated controls, pre-treatment with excess unlabelled TTd
reduced the median(IQR) frequency of TTd-AF647+BV421+
A B

FIGURE 1 | Plasma TTd-specific IgG antibody levels and functional affinity index before and after booster ADT vaccination in healthy adults. (A) Plasma TTd-specific
IgG antibody levels were measured, in duplicate, using an in-house TTd-specific IgG ELISA. (B) The same ELISA was modified to include a chaotropic elution with
either 8M urea (or PBS as a control) following the sample incubation step, to elute low affinity antibodies. Functional affinity index was then calculated by expressing the
reciprocal half maximal binding (1/EC50) of urea-treated samples as a percentage of that of the PBS control (B). (*, and *** denote p < 0.05, and 0.0005, respectively).
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events from 0.26(0.97-0.17)% to 0.006(0.01-0.004)% in total
MBC, 0.33(1.86-0.22)% to 0(0.002-0)% in IgG+ MBC, 0.02
(0.07-0.018)% to 0(0.0005-0)% in IgA+ MBC, 0.18(0.30-0.18)%
to 0.01(0.02-0.008)% in IgM+IgD+CD27+ B cells and 0.20(0.35-
0.13)% to 0.01(0.02-0.01)% in IgM-only CD27+ B cells (p=0.06
for all; Figures 2B, C). Median binding inhibition upon pre-
treatment of unlabelled TTd (as % of FCB pre-treated control)
was 98% in total MBC, 100% in IgG+ MBC, 100% in IgA+ MBC,
92% in IgM+IgD+CD27+ B cells, and 94% in IgM-only CD27+ B
cells (Figure 2D). These data confirm that dual TTd-tetramer
staining was highly specific.

Diversity of TTd-Specific Memory B Cells
and Plasmablast Phenotypes Defined by
BCR Ig Isotype
To determine the phenotypic diversity of TTd-specific B cell and
PB subsets elicited by ADT vaccination, dual TTd tetramer
staining was conducted alongside a B cell panel that included
Abs to the Ig isotypes: IgM, IgD, IgG and IgA (with exception of
IgE as this isotype is directed at responses to helminth parasites
and allergens) and subset-defining markers: CD27, CD38 and
Frontiers in Immunology | www.frontiersin.org 4219
CD20 that in combination define PBs, memory and naïve B cells.
To explore all possible phenotypes of TTd-binding PB and B cell
subsets following vaccination, the flow cytometry data was
concatenated to undergo unsupervised analysis using t-SNE.
Based on the visual expression of each marker (Figure 3A)
and spatial segregation of clusters within the t-SNE plot, subsets
were manually gated (Figure 3B). t-SNE analysis revealed eight
TTd-binding subsets; three of these subsets were PBs (CD20-

CD38+CD27++) expressing either IgM, IgA or IgGlo, four subsets
were CD20+CD27+ B cells expressing either IgA, IgG, IgM
and IgD or IgM-only and a population of naïve B cells
(CD20+CD27-IgM+IgD+; Figure 3C). In the concatenated data,
frequencies of each subset (from most abundant to least
abundant) were: IgG+ MBC (38%), IgM+IgD+CD27+ B cells
(20.60%), IgGlo PB (17.70%), IgM-only CD27+ B cells (8.77%),
naïve B cells (2.89%), IgA+ PB (2.68%), IgA+ MBC (1.60%)
and IgM+ PB (0.89%) (Figure 3D). One ‘unknown’ subset that
expressed only CD38 was also identified; however, the
contribution of this subset to the concatenated data was largely
representative of one individual and therefore excluded from
subsequent analyses.
A B

C D

FIGURE 2 | B cell TTd tetramer-binding assay. (A) A diagram depicting the theoretical basis of the gating strategy. TTd binding events will bind with equal fluorescence
intensities to the tetramer and thus will align proportionally in the double positive quadrant of a TTd-AF647 vs. TTd-BV421 biaxial plot. In contrast, single-positive events
represent fluorochrome-reactive B cells, as these are events that bind one tetramer and not the other. (B) Representative scatterplot showing the effect of unlabelled TTd
versus 1%BSA/PBS pre-treatment on dual TTd tetramer staining of day 14 post-ADT PBMC sample. (C) Pre-treatment with 100M excess of unlabelled TTd prior to
addition of TTd tetramers to PBMC of 5 individuals 14 days following ADT vaccination demonstrates a near complete abolishment of TTd-AF647+BV421+ events across
all MBC subsets. (D) Median (range) of %TTd binding inhibition upon pre-treatment with unlabelled TTd, relative to 1%BSA/PBS pre-treated control, are shown for
each subset.
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Disparate Expansion Kinetics of Blood
TTd-Specific Plasmablasts, Switched and
Unswitched B Cell Subsets
The t-SNE analysis identified all TTd-binding B cell subsets
present in all samples examined, as the concatenated flow
cytometry data consisted of fcs files from all individuals at each
timepoint (n=40). To investigate individual vaccine responses
and how these B cell subsets changed following vaccination, the
concatenated t-SNE dimension-reduced data set underwent data
subsetting in order to examine t-SNE data for individual samples
at each timepoint (Figure 4A). As seen with representative t-SNE
plots (Figure 4A), it was visually apparent that considerable
changes in the TTd-specific B cell compartment occurred within
the first three weeks of vaccination. Median proportions of the
nine t-SNE-defined B cell subsets in all individuals were
examined and changes in median subset distribution (as % of
all t-SNE events for the given timepoint) were demonstrated as
rose plots for each timepoint (Figures 4B–E). Prior to
vaccination, median percentages of TTd-binding B cells (from
highest to lowest) were: IgM+IgD+CD27+ B cells (49.3%), IgM-
only CD27+ B cells (21.2%), IgG+ MBC (9.1%), naïve B cells
(8.2%), IgA+ MBC (1.5%), IgM+ PB (0.2%), IgA+ PB (0%) and
IgGlo PB (0%) (Figure 4B). At day 7, IgGlo PB were most
prevalent (32.3%), followed by IgG+ MBC (18.8%),
IgM+IgD+CD27+ B cells (16.5%), IgM-only CD27+ B cells
(5.4%), IgA+ PB (4.1%), naïve B cells (2%), IgA+ MBC (1.2%)
and IgM+ PB (1%) (Figure 4C). At day 14, IgG+ MBC were most
Frontiers in Immunology | www.frontiersin.org 5220
abundant (46.6%) followed by IgM+IgD+CD27+ B cells (27.0%),
IgM-only CD27+ B cells (11.6%), naïve B cells (3.9%), IgA+ MBC
(2.3%), IgGlo PB (1.8%), IgA+ PB and IgM+ PB (0% for both)
(Figure 4D). Subset distribution at day 21 was largely similar
to that of day 14, with IgG+ MBC as the most frequent
subset (48.0%) followed by IgM+IgD+CD27+ B cells (30.0%),
IgM-only CD27+ B cells (13.0%), naïve B cells (3.1%), IgA+ MBC
(2.0%), IgGlo PB (0.4%), IgA+ PB and IgM+ PB (0% for
both) (Figure 4E).

In addition to examining median distributions of each
subset at each timepoint, subset frequencies were also
examined as raw event counts (per 3x105 CD3-/CD56-/CD14-

lymphocytes). This is because the t-SNE-defined subsets
belong to the same parent data set and thus any percentage
change in one subset will reciprocally affect the percentage
proportions of remaining subsets. PB subsets exhibited similar
transient post-vaccination changes in frequency as previously
described (47). TTd+IgGlo PB were the most abundant of the
PB subsets, and day 7 frequencies were significantly higher
than that of pre-ADT vaccination (p < 0.0005) and of day 21
(p<0.005; Figure 4F). Similarly, frequencies of TTd+IgA+ PB
were higher at day 7 than pre-ADT (p < 0.0005), day 14 (p <
0.005) and day 21 frequencies (p < 0.05; Figure 4G). TTd+IgM+

PB at day 7 were significantly higher than that of day 21 (p <
0.05; Figure 4H). Switched MBC subsets exhibited similar
changes in frequencies following vaccination. TTd+IgG+ MBC
frequencies were significantly higher than pre-ADT levels at
A B

C D

FIGURE 3 | Definition of TTd+ B cell subsets by unsupervised analysis using t-SNE. From 3x105 CD3-CD14-CD56- lymphocytes (n = 40; 10 individuals at 4
timepoints), TTd-BV421+AF647+ events were exported as individual fcs files. The samples were then concatenated for t-SNE analysis. (A) Logicle-transformed MFI
was displayed to examine the expression of each marker in the t-SNE dimension-reduced data. (B) Subsets were manually gated based on a combination of spatial
separation in the t-SNE plot and the differential marker expression. (C) For each population identified, surface phenotype is shown on a heatmap. (D) Bar graphs
denote the percentages of each t-SNE-defined subset in the concatenated data set (all individuals across all timepoints).
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days 7, 14 and 21 following vaccination (p < 0.05, p < 0.0005,
p < 0.005, respectively; Figure 4I). TTd+IgA+ MBC were also
higher than pre-ADT levels at day 7 and day 14 following
vaccination (p < 0.05 for both; Figure 4J). In contrast,
Frontiers in Immunology | www.frontiersin.org 6221
TTd+IgM+IgD+CD27+ B cells (Figure 4K), TTd+IgM-only
CD27+ B cells (Figure 4L) and TTd+ naïve B cells (Figure 4M)
exhibited no significant changes in frequency following
ADT vaccination.
A

B C D E

F G H I

J K L M

FIGURE 4 | Dynamic changes of TTd+ B cell subsets following booster ADT vaccination in healthy adults. (A) From the concatenated data representing all TTd+

events from 10 individuals at 4 timepoints, the concatenated t-SNE data set underwent data subsetting to examine TTd+ events for each individual at each time point
(as shown in representative plots of an individual at days 7, 14 and 21 post-ADT). (B–E) t-SNE subset distribution (%median proportions) for each timepoint are
shown as rose plots. (F–M) Median frequencies (events) of each t-SNE-defined subset are shown. (*, ** and *** denote p < 0.05, 0.005 and 0.0005, respectively).
n.s., not significant.
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Increased TTd Tetramer Binding
Capacity After Vaccination Is Observed
Amongst IgG+ Memory B Cell but Not
IgM+IgD+ B Cells
The ability of BCRs to bind antigen affects the magnitude of
downstream signal transduction (26) and thus B cell activation
and differentiation propensity. We postulated that the
contrasting expansion kinetics observed with switched MBC
and unswitched MBC might be related to the antigen binding
characteristics of each B cell subset. We aimed to quantify the
affinity of TTd binding to BCRs of these distinct populations.
One approach for measuring the affinity of BCRs on B cells is to
measure the affinity of mAb expressed from sort-isolated B cells,
using surface plasmon resonance (SPR). However, this type of
analysis is limited to the examination of single clones rather
than whole populations and requires soluble (secreted) Ig.
Moreover, affinity analyses of soluble Ig exclude the spatial
antigen-binding characteristics of membrane-expressed Ig,
as BCRs are constrained in a relative planar configuration
within the phospholipid bilayer. B cell tetramer binding
affinity correlates with the mean fluorescence intensity (MFI)
of tetramer binding (32, 33). However, tetramer MFI does not
take into account the amount of surface BCR expressed, which
likely differs between B cell subsets and individuals. In order to
examine antigen binding to B cell populations in different
strains of mice, Pape et al. (27) normalised tetramer binding
to expression of the BCR-associated b subunit, CD79b, because
CD79b is associated to the BCR independent of Ig isotype and
with a 1:1 stoichiometry (34, 35). By normalising tetramer MFI
to CD79b MFI as a proxy for amount of BCR expressed, this
strategy provides an approximation of the average binding
affinity of antigen tetramers to BCRs in whole (polyclonal) B
cell subsets.
Frontiers in Immunology | www.frontiersin.org 7222
We focussed the CD79b-normalised TTd tetramer binding
(referred to hereon as ‘CD79b-normalised binding’) analyses on
the two most prevalent TTd-binding subsets: IgG+ MBC and
IgM+IgD+CD27+ B cells. Due to the rare nature of TTd-binding
IgG+ MBC prior to vaccination, pre-vaccination samples of four
individuals that exhibited frequencies less than 10 events per
3x105 cells (an arbitrary cut off that is representative of an event
count less than the 10th percentile of TTd+IgG+MBC+ of all
samples) were conservatively excluded from the analysis.
CD79b-normalised binding increased following ADT
vaccination, and was significantly higher than pre-vaccination
levels at day 14 (p<0.005) and day 21 (p<0.05; Figure 5A).
Notably, CD79b-normalised binding of IgG+ MBC to TTd
correlated with FAI of plasma TTd-specific IgG antibodies
following vaccination (r=0.55, p<0.0002; Figure 5B). In
contrast, CD79b-normalised binding of IgM+IgD+CD27+ B cells
to TTd was unchanged following vaccination (Figure 5C). Indeed,
although CD79b-normalised binding was similar between
IgM+IgD+CD27+ B cells and IgG+ MBC prior to vaccination,
IgG+ MBC exhibited higher binding than IgM+IgD+CD27+ B cells
at day 7, day 14 and day 21 (p = 0.002, for all; Figure 5D).

PD-1+ICOS+ Circulating TFH Cell
Frequencies at Day 7 Strongly Correlate
With Measures of TTd Binding Affinity of
IgG+ MBC and IgG Antibodies at Day 14
and 21
TFH cells are necessary for B cell affinity maturation and the
establishment of PB and MBC subsets. The contrasting
expansion dynamics and antigen-binding characteristics of
switched and unswitched MBC might therefore be determined by
their interactions with TFH cells. We therefore sought to investigate
cTFH cells in contemporaneous vaccine samples, to determine
A B C D

FIGURE 5 | Assessment of CD79b-normalised TTd tetramer binding to B cells before and after booster ADT vaccination. TTd tetramer binding of IgG+ MBC and
IgM+IgD+CD27+ B cells was assessed relative to expression of the BCR-associated molecule CD79b. (A) CD79b-normalised TTd tetramer binding of IgG+ MBC (Friedman
test, n = 6). Four individuals who had pre-vaccination frequencies of TTd+ B cells <10 events per 3x105 lymphocytes were excluded from statistical analyses (shown in grey).
(B) CD79b-normalised TTd tetramer binding of IgG+ MBC was compared to the functional affinity index of plasma TTd-specific IgG antibodies. (C) CD79b-normalised TTd
tetramer binding of IgM+IgD+CD27+ B cells. (D) CD79b-normalised TTd tetramer binding of IgG+ and IgM+IgD+CD27+ B cells were compared before and at days 7, 14 and
21 post-ADT (Wilcoxon’s signed rank test). * and ** denote p < 0.05 and p < 0.005, respectively.
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frequencies of cTFH cells with an activated phenotype (PD-
1+ICOS+). While bona fide TFH cells are lymphoid-resident, there
is consensus that blood CD4+CXCR5+ T cells are a circulating
counterpart to lymphoid TFH cells and thus have been studied
following administration of influenza (36–40), pneumococcal
polysaccharide (41) and HIV-env-gag-pol recombinant
adenovirus type 5 vaccines (42), among others (43, 44). Notably,
circulating CXCR5+ helper T cells exhibit higher B-helper activity
than CXCR5- helper T cells, and exhibit transcriptional similarity
and clonotypic convergence with tonsillar TFH cells (45).

Activated cTFH cells were identified as CD4+ T cells
expressing CXCR5+ (Figure 6A) that were double-positive for
PD-1 and ICOS (Figure 6B). The majority of cells within the
CD4+CXCR5+PD-1+ICOS+ population of cells exhibited a
central memory T cell phenotype (TCM; CD27+CD45RA-;
Figure 6C). Within this population, differential expression of
Frontiers in Immunology | www.frontiersin.org 8223
CXCR3 and CCR6 was examined to identify cTFH cell subsets
that align with type 1 (cTFH1; CXCR3

+CCR6-), type 2 (cTFH2;
CXCR3-CCR6-) and type 17 (cTFH17; CXCR3

-CCR6+) helper T
cell phenotypes (Figure 6D). PD-1+ICOS+ cTFH cell subsets
transiently expanded 7 days following vaccination, with cTFH2
cells being most abundant of the cTFH cell subsets (Figure 6E).
When examining day 7 fold-change in frequencies of cTFH cell
subsets from pre-vaccination levels, PD-1+ICOS+ cTFH1 and
cTFH2 cell populations exhibited median fold-changes of 4.40
(p = 0.02) and 2.51 (p = 0.05), respectively (Figure 6E).

To investigate whether the expansion of PD-1+ICOS+ cTFH

cells at day 7 was associated with parameters of TTd-specific B
cells and IgG antibodies at their peak levels (days 14 and 21),
Spearman’s correlations matrices were constructed (Figure 6F).
TTd-specific B cell and IgG antibody measurements were further
sub-categorised as measures of ‘magnitude’ (B cell subset
A B

E F

C D

FIGURE 6 | Identification of activated cTFH cells with type 1, 2 and 17 helper T cell phenotypes after booster ADT vaccination and the relationship of day 7 cTFH cell
subset frequencies with day 14 and day 21 TTd+ B cells and plasma IgG Abs. (A) cTFH cells were identified in the CD3+CD4+ T cell population as CXCR5+ cells.
(B) Within the CXCR5+ cTFH cell population, a quadrant gate was applied to identify PD-1+ICOS+ cTFH cell. Representative plots show an expanded PD-1+ICOS+

cTFH cell population at day 7. (C) Within PD-1+ICOS+ cTFH, cells that exhibited a central memory phenotype (TCM; CD27+CD45RA-) were further gated. (D) Finally,
differential CXCR3 and CCR6 expression was used to define the cTFH1 (CXCR3+CCR6-), cTFH2 (CXCR3-CCR6-) and cTFH17 (CXCR3-CCR6+) phenotypes. (E)
Median (IQR) frequencies (%CD4+ T cells) and fold-change of PD-1+ICOS+ cTFH1, cTFH2 and cTFH17 cells following vaccination. (F) A Spearman’s correlation matrix
was created to compare frequencies of day 7 PD-1+ICOS+ cTFH subsets (% of CD4+) with the ‘magnitude’ [subset frequencies (events) or Ab levels (AU/ml)] or
‘binding’ parameters (CD79b-normalised TTd binding or plasma IgG TTd+ Ab FAI) of t-SNE defined B cell subsets and IgG Abs at days 14 and 21 post-ADT
vaccination. *, ** and *** denote p < 0.05, 0.005 and 0.0005, respectively. n.s., not significant.
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frequencies and IgG antibody levels) or ‘binding’ (CD79b-
normalised binding of TTd tetramers and plasma IgG antibody
FAI). No correlations were observed between frequencies of any
PD-1+ICOS+ cTFH cell subset at day 7 and any measure of MBC
or antibody magnitude at day 14 or 21. In contrast, strong
correlations were observed between PD-1+ICOS+ cTFH cells and
measures of BCR or antibody affinity (Figure 6F). Thus,
frequencies of CXCR5+PD-1+ICOS+ cTFH cells at day 7
correlated with the FAI of IgG TTd Abs at day 14 (r = 0.68,
p = 0.03) and CD79b-normalised TTd tetramer binding of IgG+

MBC at day 14 (r = 0.98, p = 1.47x10-6) and day 21 (r = 0.75,
p = 0.01). Day 7 frequencies of the PD-1+ICOS+ cTFH1 cell
subset correlated with the CD79b-normalised TTd tetramer
binding of IgG+ MBC at days 14 and 21 (r = 0.88, p =
8.14x10-4 and r = 0.65, p = 0.04, respectively) and the FAI of
plasma TTd-specific IgG Abs at day 21 (r = 0.64, p = 0.05).
Similarly, day 7 frequencies of PD-1+ICOS+ cTFH2 cells
correlated with the FAI of plasma TTd-specific IgG Abs at day
14 and 21 (r = 0.78, p = 0.008 and r = 0.68, p = 0.03, respectively)
and CD79b-normalised TTd tetramer binding of IgG+ MBC at
day 14 and 21 (r = 0.95, p = 2.28x10-5 and r = 0.68, p = 0.03,
respectively). In addition, day 7 frequencies of PD-1+ICOS+

cTFH17 cells correlated with the FAI of plasma TTd-specific
IgG Abs at day 14 (r = 0.73, p = 0.02) and CD79b-normalised
TTd tetramer binding of IgG+ MBC at day 14 (r = 0.66, p = 0.04).
DISCUSSION

Cumulative evidence provided by studies in the last decade
demonstrate functional distinctions between ‘memory’ subsets
of B cells that are defined by expression of different
immunoglobulin isotypes in the BCR. A greater understanding
of how these B cell subsets contribute to antibody responses
will provide strategies for optimising antibody production
and facilitate rational vaccine design, particularly for the
accelerated development of vaccines against emergent
pathogens, such as SARS-CoV-2. To this end, we aimed to
characterise antigen-specific B cell subsets that were present in
blood before and after vaccination, for which data in the
literature reporting this in humans are scarce. Here, dual TTd
tetramer staining, with the aid of unsupervised analysis methods,
were utilised to explore subsets of blood TTd-specific B cells
following ADT vaccination. We demonstrate distinct
compartmentalisation of the TTd-specific B cell response. Pre-
vaccination, IgM+CD27+ B cells were the most abundant TTd-
binding B cell subset, yet exhibited no observable post-
vaccination increases in frequency, in contrast to TTd+IgG+

MBC, which expanded substantially and peaked at day 14
post-vaccination. Furthermore by employing the method of
Pape et al. of normalising tetramer binding to CD79b
expression (27), we demonstrate the novel application of this
method in humans for examining TTd tetramer binding capacity
of B cell subsets and revealed that IgG+ MBC, but not
IgM+IgD+CD27+ B cells, increased their capacity to bind TTd.
Moreover, we demonstrate that this binding capacity correlates
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with the FAI of plasma IgG TTd antibodies providing evidence
that it is a measure of BCR affinity for TTd. Finally, we
demonstrate that frequencies of activated (ICOS+PD-1+) cTFH

cell subsets at day 7 predicted TTd binding parameters of IgG+

MBC and plasma IgG antibodies at their peak response, but not
their frequencies or levels, respectively. These data provide novel
insights into the post-vaccination B cell response at the antigen-
specific level and highlight the multi-layered nature of the
memory response to vaccination.

The data presented here demonstrates that IgG+ MBC
dominated the TTd-specific B cell response following ADT
vaccination. In the concatenated data, IgG+ MBC and IgGlo PB
together accounted for 55% of TTd-binding B cells. Secondly, it
was shown that there were substantial expansions of IgG+ subsets
at distinct timepoints following vaccination. Similar to other
vaccines (36, 46), this included the transient expansion of
TTd+IgGlo PB at day 7, possibly because PB are trafficking to
lymphoid tissues and bone marrow, the principal sites of
antibody secretion. In contrast, the expansion dynamics of
TTd+IgG+ MBC was comparatively slower; TTd+IgG+ MBC
initially comprised 9.1% of TTd binding B cells pre-vaccination
but increased to become 16.6%, 46.6% and 48.0% of all TTd
binding B cells at days 7, 14 and 21, respectively. Finally, in
parallel to the post-vaccination increases in frequency of IgG+

MBC, examination of CD79b-normalised binding of TTd
tetramers revealed that the expanded IgG+ MBC subset
acquired a steady increase in their capacity to bind TTd. As
CD79b-normalised binding capacity of B cells for TTd tetramers
correlated with FAI of plasma IgG TTd Abs, we suggest that it
may be applicable as a method for assessing the affinity
maturation of MBCs in humans, especially after vaccination.

TTd-specific IgA+ MBC and PB subsets were also elicited by
ADT vaccination with similar kinetics; however, IgA+ TTd+

subsets represented a minority of the switched B cell response
at any given timepoint in comparison to their IgG+ counterparts.
This is in agreement with the findings of Giesecke et al. (47) who
single-cell sorted TTd-specific plasma cells at day 7 and found
that the majority of the sorted cells were Cg1+ and only a
minority were Ca1+. Due to the constraints of our flow
cytometry panel we were unable to further discern whether a
proportion of these switched cells were activated B cells
(CD20+CD27+CD71+Ki-67+) committed to the memory
lineage (46), CD21lo B cells (CD19+CD21loCD27+) that are
committed to the PC lineage (48), or ‘double negative’ (DN) B
cells (CD27-IgD-CD11c+) that have come into prominence as an
expanded B cell subset in chronic infection (49) and some
autoimmune diseases (17). While TTd vaccination induces
primarily ‘classical’ MBC, a small proportion of DN B cells are
elicited following TTd vaccination (50), likely as a memory
intermediate (50). Furthermore, TTd-binding CD27-IgG+ and
CD27-IgA+ B cells (9, 15, 16) that may be early products of the
GC, or of EF differentiation pathways (17, 18), were not
detectable in the post-ADT vaccine samples we analysed.
These data suggest that the majority of the switched B cells
were the progeny of GC-experienced MBC, as would be expected
for a protein booster vaccination.
September 2021 | Volume 12 | Article 738123

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Tjiam et al. Antigen-Specific B Cells in Vaccination
In contrast to the switched B cell response, TTd-binding
IgM+CD27+ B cell subsets exhibited no change in absolute
frequencies following ADT vaccination. Similarly, TTd+ naïve
B cells, which represent TTd-binding capability of the pre-
immune repertoire, exhibited no change in frequencies.
Moreover, TTd-binding IgM+CD27+ B cells were ~10 times
more abundant than TTd-binding naïve B cells at any given
time point. Despite the lack of an observable increase in post-
vaccination frequencies of IgM+IgD+CD27+ and IgM-only
CD27+ B cells, these subsets accounted for 20.8% and 8.8% of
all TTd binding events in the concatenated data and were the
most frequent TTd-binding subset prior to ADT vaccination,
comprising 49.3% and 21.2% of TTd-binding events,
respectively. These results support those described by Della
Valle et al. who showed with a limiting dilution assay that the
majority of TTd-specific MBC in individuals who had not
received a vaccine in the previous 10 years were IgM+, whereas
IgG+ MBC formed a minority of cells (12). Moreover, Della Valle
et al. similarly reported that frequencies of TTd-specific
IgM+CD27+ B cells remained unchanged following vaccination,
despite exhibiting a molecular footprint consistent with antigen
encounter and GC selection (12). VH mutations of TTd-specific
IgG+ MBC were on average double that of TTd-specific
IgM+CD27+ B cells in immunised individuals (12), which may
alone explain the disparity we observed in CD79b-normalised
TTd binding between these subsets.

Alternatively, one explanation for the absence of an
observable increase in frequencies, or TTd-binding capacity, of
TTd+ IgM+CD27+ B cell populations is that their activation
results in a GC fate where IgM+CD27+ B cell undergo isotype
switching to become IgG+ or IgA+ MBC. IgM+CD27+ B cell
subsets possess a GC-skewed fate following activation, including
upregulation of Bcl-6, and receptors that favour homing to the
GC-derived chemokine CXCL13 upon activation (8). In this
instance, the acquisition of a switched phenotype may preclude
the ability to detect an expansion of TTd+ IgM+CD27+ B cells
following vaccination. Shared clones of TTd-specific MBC have
been reported among IgM+ and IgM- CD27+ B cell subsets (12),
demonstrating a derivation of switched MBC from IgM+CD27+

B cells. In addition, genealogical analyses of peripheral MBC
clones show that a proportion of IgG+ MBC clones are direct
descendants of IgM+IgD+CD27+ B cells (11, 51). However, one
may also expect an acute decline in TTd+ IgM+CD27+ B cell
frequencies due to switching-induced ‘depletion’ of TTd-specific
IgM+CD27+ B cells, which was not observed. To further
investigate this, clonal analyses of TTd-specific IgM+CD27+

B cells and IgG+ MBC at each timepoint would be useful,
as this would provide an indication of whether IgM+CD27+

B cells are recruited to ‘replenish’ the IgG+ MBC compartment
through switching.

Given these findings, what is the biological significance of a
numerically invariant IgM+CD27+ B cell population, with low
capacity to bind antigen? A possible consequence of expressing
low-affinity BCRs is a lengthened persistence of ‘low-affinity’ B
cell subsets, which is corroborated by our finding that
IgM+CD27+ B cells were the most prevalent subset prior to
Frontiers in Immunology | www.frontiersin.org 10225
booster vaccination. Indeed, acquisition of increased BCR affinity
is inversely associated with B cell longevity. Thus, mice that
possess naïve B cells with germline-encoded BCRs binding with
high affinity to PE exhibit an unstable, rapidly depleting PE-
specific IgG+ MBC population following vaccination (4, 27). In
contrast, another strain of mouse with a different set of germline-
encoded BCRs that bind with low affinity to PE, exhibit stable
PE-specific IgG+ MBC (27). Two possible mechanisms have been
proposed for the inverse association between BCR affinity and
longevity of MBC. First, Gitlin et al. demonstrated that a
consequence of the acquisition of SHM/increased affinity was
the development of polyreactivity to self-antigens (52). Thus,
high affinity MBC clones had an increased probability of clonal
deletion due to a higher likelihood of developing SHM-acquired
self-reactivity (52). Secondly, higher affinity binding may
decrease the threshold for BCR activation (26), and thus high
affinity MBC may be depleted at a higher rate than low affinity
cells due to a higher propensity for terminal differentiation.
Aside from possible enhanced persistence as a result of
possessing low-affinity BCRs, low-affinity IgM+CD27+ B cells
may also exist to provide a pool of memory cells with broad
antigen reactivity that can counteract immune evasion upon re-
infection with antigenic variants of the same pathogen. Support
for our proposal that the MBC compartment retains not only
antigen binding diversity, but also isotype diversity (ability to
generate MBC and PB of all isotypes) in the IgM+CD27+ B cell
subset, is provided by the study of Roco et al. who demonstrated
that the output of late GC reactions is primarily IgM+ MBCs
rather than switched MBCs (53). Therefore, the existence of a
long-lived, low-affinity, IgM+CD27+ B cell subset may be a
means of retaining diversity in the MBC compartment.

To further investigate determinants of changes in B cell
and antibody responses measured here, cTFH cells with the
PD-1+ICOS+ phenotype, denoting recent activation, were
examined. It was observed that PD-1+ICOS+ cTFH cells
exhibited the greatest fold-change from baseline at day 7,
namely PD-1+ICOS+ cTFH1 cells (~4.5 fold-increase) followed
by PD-1+ICOS+ cTFH2 cells (~2.5 fold-increase). While larger
fold-changes from baseline were observed for PD-1+ICOS+

cTFH1 cell frequencies, PD-1+ICOS+ cTFH2 cells were the most
frequent cTFH cell subset at any given timepoint. In fact, cTFH1
cells are reported to exhibit limited B helper function in vitro (54,
55), characterised by lower capacity for CXCL13 production
(54), lower IL-21 secretion when co-cultured with naïve B cells
(55), lower ability to activate naïve B cells to produce Abs (55),
and lower ability to induce PB differentiation of MBC (54),
compared to the cTFH2 and cTFH17 cell subsets. Moreover, at
least for quiescent (ICOS-PD-1+) cTFH cells, the cTFH2 and
cTFH17 cell subsets are the most transcriptionally similar to
tonsillar GC TFH cells (24), which may further explain their
greater B cell helper ability. The relative abundance and day 7
expansion of PD-1+ICOS+ cTFH2 cells is therefore likely to be a
large contributing factor to the effectiveness of TTd vaccination.
Influenza vaccination on the other hand, induces a large
expansion of predominantly cTFH1 cells (36–38, 40). It has
been argued by Locci et al. that the expansion of cTFH1 cells
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and not cTFH2 cells may underlie the relatively quick decline of
protective immunity provided by seasonal influenza vaccination
(54). Further data that supports the argument of Locci et al., was
the finding that addition of a viral vector to the malaria RTS,S/
AS01B vaccine resulted in a cTFH1-skewed response, which was
associated with reduced Ab production and vaccine efficacy (56).
Our data further supports this argument, as ADT vaccination,
with an Ab half-life of 11 years (57) and the ability to confer
protection with as little as 0.1 IU/mL of vaccine-induced Abs
(58), was associated with an overall greater frequency and
expansion of PD-1+ICOS+ cTFH2 cells and a smaller expansion
of cTFH1 cells.

In line with TFH cells being a lineage specialised in the
selection of B cells with high affinity BCRs, we showed that
PD-1+ICOS+ cTFH cell subsets at day 7 correlated with plasma
TTd-specific IgG Ab functional affinity at their peak levels (days
14 and 21). These findings are consistent with other studies that
demonstrate that cTFH cell frequencies at day 7 following
trivalent (37) or mRNA (40) influenza vaccination correlate
with the affinity of circulating Abs measured with either SPR
or chaotropic NaSCN elution. We extend these findings by
demonstrating that day 7 frequencies of PD-1+ICOS+ cTFH1
and cTFH2 cells significantly, and more strongly, correlated with
CD79b-normalised TTd tetramer binding of IgG+ MBC at days
14 and 21. However, frequencies of these same cTFH cell subsets
at day 7 did not correlate with the frequencies of any TTd-
specific MBC subsets, nor TTd-specific IgG Ab levels in plasma,
at day 14 and 21. These data suggest that while affinity of both
IgG Abs and BCRs on IgG+ MBC are directly related to the
expansion of cTFH cells, clonal expansion of TTd+ IgG+ MBC or
plasma levels of TTd-specific IgG Abs at later timepoints are not.
Our data suggests that examination of PD-1+ICOS+ cTFH cell
frequencies at day 7 after vaccination may be a means of
predicting the affinity maturation of both antigen-specific IgG
antibodies and IgG+MBC for T-dependent antigens and that this
may be a useful parameter for the assessment of novel
vaccine candidates.

We acknowledge that our study has potential limitations that
must be considered when assessing the significance of the
findings. Firstly, an in vitro functional comparison of switching
kinetics between IgM+CD27+ B cells and IgG+ MBC would have
provided informative data to further determine the functional
contributions of IgM+CD27+ B cells to the vaccine-induced
response. However, our primary aim was to first characterise
the phenotypic diversity of CD27+ B cell subsets defined by
isotype expression before and after vaccination, and how these
subsets related to measures of antibody level, antibody functional
affinity and cTFH cell activation. Secondly, our workflow
included characterisation of ‘global’ cTFH cell profiles rather
than antigen-specific cTFH cell profiles, the latter of which
would be optimally measured via stimulation with TTd peptide
pools in an activation induced marker assay (59), as cTFH cells
are limited producers of cytokines as measured by intracellular
cytokine staining (60). However, we examined cTFH cells within
the expanded, activated ICOS+PD-1+ subset at day 7 post-
vaccination, a population that is virtually absent at other
Frontiers in Immunology | www.frontiersin.org 11226
timepoints (Fig 6B, E). Hence, the ‘global’ cTFH cell population
examined in this manner is enriched for TTd-specific cTFH cells,
as demonstrated by their strong correlations with TTd-specific
IgG antibody and IgG+ MBC binding parameters at days 14 and
21 following vaccination.

In summary, we demonstrate that antigen-specific B cell and
plasmablast subsets are phenotypically and functionally diverse
in their post-vaccination expansion dynamics, antigen binding
characteristics and their interaction with cTFH cells. In particular,
the relative abundance of both IgM+CD27+ B cells and IgG+ MBC
may be an important consideration for strategies that seek to
optimise vaccine efficacy and/or durability. We propose that the
integration of bulk antigen-specific serological measurements,
antigen-specific B cells and ICOS+PD-1+ cTFH cell profiles, as
performed here, is a workflow that can be applied to assess the
magnitude, quality and durability of antibody responses elicited
by vaccines. In this manner, choices of vaccine immunogens,
adjuvants and dosing schedules to generate antibody-mediated
immunity against pathogens, such as SARS-CoV-2, might
be optimised.
MATERIALS AND METHODS

Sample Collection
Lithium heparin anti-coagulated blood was obtained from
consenting healthy adults following a routine ADT booster
vaccine in accordance with the National Statement on Ethical
Conduct in Human Research (2007; updated in 2018), jointly
developed by the Australian National Health and Medical
Research Council, Australian Research Council and Universities
Australia (61). Blood samples were centrifuged against a Ficoll-
Hypaque (1.077g/L) density gradient and PBMCwere isolated and
enumerated under a haemocytometer. PBMCwere resuspended at
107 cells/mL in cold freezing medium consisting of 90% heat-
inactivated foetal bovine serum and 10% dimethylsulfoxide.
PBMC then underwent controlled freezing (D -1°C/min to -80°C)
before storage in liquid nitrogen.

Preparation of Fluorescent TTd Tetramers
TTd protein (Statens Serum Institut, DK) was conjugated to biotin
via amide linkage following reaction of TTd with N-
hydroxysuccinimide (NHS) biotin ester (EZ-link sulfo-NHS-LC-
biotin labelling kit, ThermoFisher Scientific, Rockford, IL). Excess
free biotin was removed with size-exclusion chromatography using
Zeba™ 7 kDa molecular weight cut-off desalting columns
(ThermoFisher Scientific). The degree of biotinylation was
determined to be 6 biotin molecules per molecule of TTd, as
measured with the 4’-hydroxyazobenzene-2-carboxylic acid/
Avidin biotin quantification kit (ThermoFisher Scientific).
Tetramers were created by reacting biotin-TTd with either
streptavidin-BV421 (BD Biosciences) or streptavidin-AF647
(BioLegend) at 4:1 molar ratios for 20 mins, on ice, and
centrifuged at maximum speed on a benchtop microcentrifuge
(18,000 x g) for 10 mins (4°C) to remove aggregates.
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Flow Cytometry Analyses of B Cells and
Circulating TFH Cells
PBMC were thawed in PBS (Sigma-Aldrich) and centrifuged at
300 x g for 7 mins. The supernatant was discarded by pipette
aspiration. Subsequently, PBMC were resuspended in 1ml of
fixable viability stain (FVS) 575V (BD Biosciences, San Jose, CA)
diluted 1:1000 in PBS. 1 mL of 2% BSA (AusgeneX, Loganholme
QLD)/PBS was added to the tube, centrifuged at 300 x g for 5
mins and the supernatant was discarded. Details of
fluorochrome-conjugated antibodies and staining reagents
utilised in the three flow cytometry panels in this study are
summarised in Supplementary Table 1. For examination of
TTd-specific B cells, 1x107 PBMC were resuspended in 100mL of
FCB consisting of 1%BSA/PBS were stained with the respective
Ab cocktail, containing TTd tetramers, for 30 mins at room
temperature. For examination of cTFH cells, 5x106 PBMC were
resuspended in 100mL of FCB and incubated with the respective
Ab cocktail for 15 mins at room temperature. Cells were then
washed twice with 2ml of FCB and resuspended in 3ml FCB for
acquisition on a 4-laser (405nm; 50mW, 488nm; 50mW, 561nm;
50mW and 638nm; 100mW) Attune NxT acoustic focusing flow
cytometer (ThermoFisher Scientific). Where possible, mAb
clones were chosen from peer-reviewed optimised multicolour
immunofluorescence panels published in Cytometry Part A (62),
and titrated to obtain maximal stain indices. A voltage walk was
performed using single-stained PBMC to determine
photomultiplier tube gain settings that provided greatest signal
separation. Acquisition volume was set to 3mL and the flow rate
was adjusted to achieve a threshold rate between 2x104 – 2.5x104

events/s. Digital compensation was performed in the Attune NxT
software using single stained compensation bead mix (mixture of
anti-mouse Ig k capture beads and unconjugated/negative beads;
BD Biosciences).

Dimensionality Reduction With t-SNE
Flow cytometry data (fcs3.0) files were initially imported into
FlowJo v10.4 (FlowJo, LLC, OR). Data acquisition quality was
checked with FlowJo QC function and by visual inspection of
events using the time parameter. Single cells were identified as
cells with proportional FSC-A to FSC-H measurements and
lymphocytes were then identified via FSC-A/SSC-A profiles.
Viable (FVS575V-) cells not expressing T cell/natural killer cell/
monocyte (CD3-CD56-CD14-) lineage markers were then gated and
this population was down-sampled to 3x105 events for each sample.
Within down-sampled events, a gate was created at a 45° angle in
the double-positive quadrant of BV421 and AF647 channels to
identify TTd+BV421+AF647+ cells that bound proportional
amounts of each TTd tetramer. TTd+BV421+AF647+ events were
exported as individual fcs3.0 files. Each fcs file was then imported
into RStudio using the Cytofkit package (63) with the graphical user
interface. Fluorescence parameters were logicle (bi-exponentially)
transformed and the individual sample files were concatenated for
dimensionality reduction analyses. t-distributed stochastic
neighbour embedding (t-SNE) was performed on the
concatenated data with seed set to 42, perplexity set to 30 and the
input fluorescence parameters were: CD27-BV421, CD20-BV510,
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CD38-APC-H7, IgM-PE-CF594, IgD-AF700, IgA-PE, IgG-PE-Cy7,
TTd-BV421 and TTd-AF647. Scatterplots were constructed in
RStudio with ggplot2 and RColorbrewer or ggsci colour palettes.
Heatmaps were constructed in RStudio using complexheatmaps and
the R implementation of the viridis colour palette.

Measurement of CD79b-Normalised B Cell
Binding of TTd Tetramers
Single cells were identified by FSC-H/FSC-A profiles, followed by
exclusion of cells expressing FVS575V, CD3, CD14 and CD56.
IgG+ MBC and IgM+IgD+CD27+ B cells were manually gated. In
each of these subsets, TTd+BV421+AF647+ cells were gated and
within this gate, the median fluorescence intensities (MdFI) of
the TTd (V450/50: BV421) and CD79b (R730/45: APC-R700)
channels were exported in an excel file. CD79b-normalised MdFI
for each of the populations, for each PBMC sample, was
calculated by:

Normalised   surface   binding =
MdFI  TTd   BV421ð Þ

MdFI  CD79b   APC :R700ð Þ

ELISA to Measure Plasma TTd-Specific
IgG Antibody Levels and Avidity
Plasma was collected after centrifugation of lithium-heparin anti-
coagulated blood and stored at -80°C. TTd-specific IgG antibodies
were measured using an in-house ELISA. Corning half-area 96
well plates were coated with TTd (20mg/ml) overnight at 4°C. The
following day, plates were washed with PBS containing 0.05%
Tween20 (PBS-T) and blocked with 5% BSA/PBS. Plasma samples
were assayed in duplicate, serially diluted in 2%BSA-PBS (assay
diluent) for 2hrs at room temperature. Samples were compared to
a plasma sample with high levels of TTd-specific IgG antibodies as
an arbitrary standard and values were expressed as arbitrary units/
ml (AU/ml). The plates were further washed with PBS-T and
horseradish peroxidase-conjugated mouse anti-human IgG,
diluted 1:4000 in assay diluent, was added to each well for 1hr
at room temperature. Plates were washed and 3, 3’, 5, 5’-
tetramethylbenzidine substrate was added to initiate a
colourimetric reaction. The reaction was terminated with 1M
H2SO4 and the optical density of each well at l = 450nm, was
measured using the SpectraMax microplate reader (Molecular
Devices). To measure functional affinity of IgG antibodies to
TTd, the TTd ELISA was modified to include an additional
incubation following the sample wash step where each sample
was pulsed with 8M urea or PBS for 10 minutes at room
temperature and the plates were washed to remove eluted
antibodies (64, 65). For each sample, a saturation binding curve
was generated by plotting OD450 versus the logarithm of 1/plasma
dilution factor and a three-parameter sigmoidal curve fit was
applied in GraphPad Prism (v5.04). The dilution factor required
for half-maximal binding (EC50) was calculated for urea-treated
samples and expressed as a percentage of the PBS-treated control,
which yielded the functional affinity index (FAI) (28, 29).

Functional   affinity   index =
1 ÷ EC50  Urea   treatedð Þ
1 ÷ EC50   PBS   treatedð Þ � 100
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Statistical Analyses
Unless otherwise stated, all statistical tests were undertaken using
GraphPad v5.04 and p values < 0.05 were considered statistically
significant. Statistical differences between two groups consisting
of repeated measures were calculated using Wilcoxon matched
pairs signed rank test. For comparisons of repeated measures
between three or more groups, Friedman tests were undertaken
with Dunn’s multiple comparison post-hoc test. Spearman’s
correlations were undertaken to examine correlations between
groups. Spearman’s correlation matrices were constructed using
the Corrplot package in R.
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