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In Brief
Multi-modal single-cell
sequencing technology enabled
quantifying the characteristics of
human antibody-secreting cells
(ASCs). Integrative analysis
identified three classes of ASCs
and their molecular features,
including surface protein
markers, phospho-proteins, and
transcriptional profiles. Each Ig-
class of IgM, IgA, and IgG shows
a specific expression of homing
receptors and protein markers.
IgM and IgA ASCs have tonic
BCR signaling, while IgG has
more active signaling pathways,
including SYK, mTOR, IL6, and
NF-kB.
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RESEARCH
Highlights
• In-vitro differentiation of human B-cells into antibody-secreting cells.

• Simultaneous single-cell detection of (phospho)-proteins and mRNA through sequencing.

• MOFA+ allows data integration and phenotyping of IgM, IgG, and IgA cells.

• Ig-class–specific transcriptome and expression of homing protein markers.

• Signaling activity differs between IgM, IgA, and IgG cells, including BCR and NF-κB.
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Integrated Single-Cell (Phospho-)Protein and
RNA Detection Uncovers Phenotypic
Characteristics and Active Signal Transduction
of Human Antibody-Secreting Cells
Erik van Buijtenen1,2,‡, Wout Janssen2,‡, Paul Vink2,‡, Maurice J. M. Habraken2,
Laura J. A. Wingens3 , Andrea van Elsas2, Wilhelm T. S. Huck1,
Jessie A. G. L. van Buggenum1,*§ , and Hans van Eenennaam2,§
Single-cell technologies are currently widely applied to
obtain a deeper understanding of the phenotype of single-
cells in heterogenous mixtures. However, integrated
multilayer approaches including simultaneous detection of
mRNA, protein expression, and intracellular phospho-
proteins are still challenging. Here, we combined an
adapted method to in vitro–differentiate peripheral B-cells
into antibody-secreting cells (ASCs) (i.e., plasmablasts and
plasma cells) with integrated multi-omic single-cell
sequencing technologies to detect and quantify immuno-
globulin subclass-specific surfacemarkers, transcriptional
profiles, and signaling transduction pathway components.
Using a common set of surface proteins, we integrated two
multimodaldatasets tocombinemRNA,proteinexpression,
and phospho-protein detection in one integrated dataset.
Next, we tested whether ASCs that only seem to differ in its
ability to secretedifferent IgM, IgA, or IgGantibodies exhibit
other differences that characterize these different ASCs.
Our approach detected differential expression of plasma-
blast and plasma cell markers, homing receptors, and TNF
receptors. In addition, differential sensitivity was observed
for the different cytokine stimulations that were applied
during in vitro differentiation. For example, IgM ASCs were
more sensitive to IL-15, while IgG ASC responded more to
IL-6 and IFN addition. Furthermore, tonic BCR activity was
detected in IgA and IgM ASCs, while IgG ASC exhibited
activeBCR-independent SYKactivity andNF-κBandmTOR
signaling. We confirmed these findings using flow cytom-
etry and small molecules inhibitors, demonstrating the
importance of SYK, NF-κB, and mTOR activity for plasma-
blast/plasma cell differentiation/survival and/or IgG secre-
tion. Taken together, our integrated multi-omics approach
allowed high-resolution phenotypic characterization of
single cells in a heterogenous sample of in vitro–
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differentiated human ASCs. Our strategy is expected to
further our understanding of human ASCs in healthy and
diseased samples and provide a valuable tool to identify
novel biomarkers and potential drug targets.

Upon activation, B-cells differentiate into plasmablasts
(PBs) and long-lived memory antibody-secreting cells (ASCs)
(1, 2). An extraordinary number of control mechanisms, at both
the cellular and molecular levels, underlie the generation and
maintenance of PBs and plasma cells (PCs) from their B-cell
precursors (3). Aberrant PB and ASC activation/proliferation
has been linked to several human diseases. In inflammatory
and autoimmune diseases like systemic lupus erythematosus
or IgA nephropathy, aberrant ASC activation is linked to dis-
ease etiology and manifestation (1). In cancer, multiple
myeloma is a malignancy derived from a PC (4). A deeper
insight into ASC phenotype can aid our understanding of such
diseases and identify biomarkers of disease and potential
novel drug targets.
Human PCs only represent ~0.25% of total bone marrow

cells and these cells home to different tissues in the human
body, making extensive molecular analysis and functional
studies challenging (5). Protocols for in vitro differentiation of
human peripheral B-cells into ASCs (6–8) form the basis for
phenotypic and functional studies (9, 10). Studies in mice have
shown divergent gene expression profiles for the different Ig
class PCs (11) and different expression profiles were observed
comparing human class–switched germinal center B-cells
from human tonsils as compared to nonclass–switched cells
(12). However, bulk analysis obscures potential differences
across ASCs secreting immunoglobulin M (IgM), A (IgA), E,
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Tri-Modal Single-Cell Analysis of Antibody-Secreting Cells
(IgE), or G (IgG) antibodies. Single-cell technologies can
characterize secreted antibody repertoire of individual cells
(13, 14) and fully characterize the functional and transcrip-
tional diversity of ASC (15).
Single-cell sequencing technologies have revolutionized our

insight into the molecular phenotyping of many cell types of
the human body. The combined quantification of mRNA and
surface protein markers allows for additional (sub-)classifica-
tion of cells (16, 17), while immune-detection by sequencing
(18, 19) and droplet-based QuRIE-seq (20) allows quantifica-
tion of intracellular phospho-proteins. These methods rely on
the reversible fixation of cells and immunostaining with DNA-
tagged antibodies, enabling RNA sequencing and quantifica-
tion of (phospho-)proteins in a single assay. Unfortunately, our
fixation-based methods did not result in high-quality mRNA
libraries in primary immune-cells (20). To circumvent this
technical challenge, we combined multimodal data from fixed
and nonfixed cells. Using a common set of surface proteins,
we were able to integrate mRNA and intracellular (phospho-)
proteins detection. Applying this method to in vitro–differen-
tiated human ASCs, we identified in this mixture of human
differentiating B cells, PB and PCs distinctly different pheno-
types of IgM-, IgA-, and IgG-expressing ASCs on both tran-
scriptional and protein levels. More importantly, within these
different Ig-secreting ASCs, we were able to unravel some of
the active signal transduction and validated the importance of
these signal transduction pathways using small molecule
inhibitors.
EXPERIMENTAL PROCEDURES

Antibody Labeling

Carrier-free antibodies (supplemental Tables S1 and S2) were
conjugated to 5′-azide-oligos (supplemental Tables S3 and
S4, Biolegio) as described in Supplementary text. In brief,
dibenzocyclooctyne-S-S-N-hydroxysuccinimidyl-ester–functionalized
antibodies were incubated with 3× molar access azide-oligo for 16 h
at 4 ◦C. Unconjugated oligos were removed using 100K amicon
centrifuge filters (Merck).

B-Cell Isolation and Culture

Total B-cells were isolated from Buffy coats that were obtained
from healthy volunteers with written consent and ethics committee
approval according to institutional guidelines (Sanquin). Subsequent
differentiation cultures were performed in Iscove's Modified
Dulbecco's Medium (Thermo Fisher Scientific) supplemented with
10% fetal bovine serum (Thermo Fisher Scientific), and 1% Penicillin-
Streptomycin (Thermo Fisher Scientific). Purified B-cells were differ-
entiated for 11 days as visualized in Figure 1A and described in detail
in Supplementary text.

Antibody Staining and Cell Sorting

Day 11 cells were harvested and split in two tubes, one to be fixed
and permeabilized and one for live cells analysis. Cells were imme-
diately fixed by adding 2× concentrated fixative to the cell suspension
5 mM dithiobis (succinimidyl propionate) (Thermo Fisher Scientific)
and 5 mM succinimidyl 3-(2-pyridyldithio)propionate (Thermo Fisher
Scientific) in PBS (Thermo Fisher Scientific). Cells were incubated at
RT for 45 min while gently shaking. Fixed cells were quenched and
permeabilized with 100 mM Tris–HCl pH 7.5, 150 mM NaCl, and 0.1%
Triton X100 (Thermo Fisher Scientific) for 10 min at RT. Cells were
washed once and blocked for 45 min in 0.5× protein-free blocking
buffer (Thermo Fisher Scientific) with 0.2 mg/ml dextran sulfate (Sigma
Aldrich) and 0.5 U/ml RNasin plus (Promega) in PBS (Thermo Fisher
Scientific). Cells were stained in blocking buffer containing DNA-
tagged antibodies (supplemental Table S3) and CD38-PE-Cy7
(supplemental Table S5) for 1 h at RT. Following staining, cells were
washed twice with the blocking buffer and resuspended in PBS
containing 5 mg/ml bovine serum albumin (Thermo Fisher Scientific),
0.5 U/ml RNsing plus (Promega), and 0.1 μg/ml DAPI (Biolegend).

Nonfixed live cells were immediately washed twice in ice cold
blocking buffer. Cells were stained in ice-cold blocking buffer con-
taining DNA-tagged Abs (supplemental Table S4) and CD38-PE-Cy7
Ab (supplemental Table S5). Cells were incubated on ice in the dark for
20 min. Cells were washed three times in ice-cold blocking buffer and
resuspended in blocking buffer containing 0.1 μg/ml DAPI (Biolegend).

Using the FACS Melody (BD Biosciences), cells were sorted single-
cell in 384-wells PCR plates (Bio-Rad) containing 100 nl water con-
taining 7.5 ng/μl unique Cellseq-2 primers (supplemental Table S6)
and 5 μl mineral oil (Sigma Aldrich). Plates were stored at −80 ◦C until
further use. Oligonucleotide sequences were adapted to allow
sequencing of the transcripts/ARC sequences in read 1 and the cell
barcode and UMI in read 2 (supplemental Table S4).

Library Preparation

Plates with sorted cells were thawed on ice. For fixed samples, cells
were reverse-crosslinked, releasing RNA and antibody-barcodes as
described by Gerlach et al. (21). Live cells were incubated for 5 min at
65 degrees. Reverse transcription was performed as described by
Gerlach et al. (21). After pooling cells, the mRNA was separated from
antibody barcodes using 0.6× AMPure XP magnetic beads (Beckman
Coulter). Then, mRNA-sequencing libraries were generated as
described by Gerlach et al. (21) using primers listed in supplemental
Table S4. From the separated antibody barcodes sample, protein li-
braries were generated as described in detail in Supplementary text.
mRNA and protein libraries were sequenced with NextSeq500.

Data Analysis

Bcl2fastq software (illumina) was used for data-demultiplexing.
The CEL-seq2 pipeline (22) and CITE-seq-count (23) tool were
used to create count tables of mRNA or protein libraries, respec-
tively. Standard settings were used with some minor modifications.
The CEL-seq2 pipeline was run using settings [min_bc_quality = 10,
cut_length = 50]. Additionally, the read names for read 1 and read 2
were swapped to allow compatibility of our barcode design with the
pipeline. The CITE-seq-count settings were kept at default
with exception of [ max_error of Ab barcode = 1, umi_collpasing_
dist = 1].

Extensive documentation of quality control, filtering (supplemental
Fig. S3), and data-normalization and processing can be found at
https://vanbuggenum.github.io/Multimodal-Plasmacell_manuscript/
QC.html. In brief, cells were filtered based on either mRNA library
quality (Livecell dataset: >300 genes, <5% mitochondrial counts per
cell) or protein library (>1500 and <9000 protein counts, >40 different
proteins per cell); Fixed dataset: >2500 and <20,000 protein counts,
>65 proteins per cell. RNA counts were normalized using ‘single-cell
transform’ (Seurat V4) (24). Then, normalized counts were scaled,
while regressing out differences in % mitochondrial counts and total
counts. Protein counts were normalized using the CLR method (24).
Then, the normalized protein counts were scaled with regressing out
variance in number of proteins detected and total counts.
Mol Cell Proteomics (2023) 22(2) 100492 2
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FIG. 1. Experimental workflow for multi-modal single-cell analysis of in-vitro differentiated human antibody secreting cells. A, pe-
ripheral B-cells isolated from healthy human blood are cultured in the presence of indicated stimuli for 11 days. The protocol results in
differentiated cells with ASC phenotype, capable of secreting antibodies. Created with BioRender.com. B, day 11 cells are divided into one
sample for fixation, permeabilization (allowing intracellular immune-staining with DNA-tagged antibodies), and a second sample for live-cell
immunostaining with DNA-tagged antibodies. CD38+ single-cells are sorted into 384-well plates for multi-modal library preparation. C, ana-
lyses of both samples with a common set of surface-proteins allows identification of molecular hallmarks: signaling (phospho-)proteins, protein
levels, and gene expression. Images (A–C) were created with BioRender.com. D, RNA-based G2M-score and S-score based on predefined
genesets is used for classification of each cells as noncycling or cycling. Color represents normalized RNA-expression of proliferation marker
MKI67. E, classification of noncycling cells based on intracellular signal of p-Rb, Cyclin A, and Ki67. F, percentage classified cycling or non-
cycling cells per donor (N = 3). G, CD27+/IgD-gate to select for differentiated PCs. Color represent three donors (legend see panel C). H, average
(scaled) expression of selected intracellular proteins. I, per-donor expression gene-expression of three differentiation markers (CD27, IRF4, and
MZB1) and two genes downregulated during PC differentiation (Wilcox, p-val < 0.05) in gated versus other cells (panel D). Colors represent
donors (legend in panel C). ASC, antibody-secreting cell; PC, plasma cell.
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Tri-Modal Single-Cell Analysis of Antibody-Secreting Cells
Experimental Design and Statistical Rationale: Multi-Modal
Analysis

To identify noncycling ASCs, first, a cell-cycle scoring for S-phase
and G2M-phase was calculated using Ucell algorithm (25) using gene
lists provided by the Seurat R-package (V4) (24). For the live dataset, a
gate was determined based on these two scores. For the fixed
dataset, p-Rb and Cyclin A were used to identify cycling cells instead
of mRNA-based cell-cycle score. To determine differentiated pheno-
type, protein levels of CD27 and IgD were used for gating. These
noncycling CD27+IgD-cells were kept for further analysis using multi-
omics factor analysis (MOFA+) (26). In brief, cells were grouped per
donor, and the model received four molecular modalities. Principal
component analysis was performed using normalized and scaled
counts of Ig proteins.

Compound Treatment of in-Vitro Differentiated ASC

Total B-cells were isolated and differentiated as described above.
At Day 10, cells were retrieved and tubes of individual donors were
pooled and reseeded to normalize any culture differences. Day 10
ASCs were treated with dimethyl sulfoxide (DMSO, Sigma-Aldrich),
R406, idelalisib, IKK16, or rapamycin (Selleckchem) at 1 μM (0.01%
DMSO) up to Day 12. On Day 12, cells were retrieved and resus-
pended. To assess the effect of compound treatment on cell health,
viable absolute cell count was measured with 123count eBeads
counting beads (Thermo Fisher Scientific) in combination with 7-AAD
(Thermo Fisher Scientific) using the FACS Verse (BD Biosciences).
Absolute counts were calculated according to manufacturer protocol:
(Cell Count × eBead Volume)/(eBead Count × Cell Volume) × eBead
concentration = Absolute Cell Count per ml.

On Day 10 (before treatment) and Day 12 (after treatment),
100,000 cells were retrieved for each condition and stained for CD19-
PerCP/Cy5.5, IgD-BV510, CD27-FITC, CD38-PE-Cy7, CD138-APC,
IgA-PE, and IgM-APC-Cy7 (supplemental Table S5). After staining,
cells were resuspended in PBS containing 5 mg/ml bovine serum
albumin (Thermo Fisher Scientific) and 0.1 μg/ml DAPI (Biolegend). To
assess the effect of compound treatment on immunoglobulin-
expressing subpopulations, frequency of IgA, IgM, and IgA/M
double negative populations were determined on the total CD38+
population, PB population, and the PC population. Frequency was
determined from the total viable population. Viable absolute cell count
was calculated as follows: Absolute Cell Count per ml/100 × IgX
population frequency = IgX cells per ml.

To assess the effect of compound treatment on immunoglobulin
production, supernatant was retrieved on Day 10 (before treatment)
and Day 12 (after treatment) for each condition. IgA, IgG, and IgM was
detected in supernatant using Human IgA uncoated ELISA kit, Human
IgG Total uncoated ELISA kit, and Human IgM Uncoated ELISA kit
(Thermo Fisher Scientific) according to manufacturer’s protocol.
Immunoglobulin concentration Day 10 was subtracted from immu-
noglobulin concentration on Day 12 to detect immunoglobulin pro-
duction during compound treatment.

RESULTS

Phenotypic MultiModal Single-Cell Analysis of Human
CASCs

We adopted an in vitro differentiation protocol of human
peripheral B-cells to generate human ASCs (6–8). Isolated B-
cells from healthy donors were stimulated with CpG for 1 day.
Then, in three phases, activated B-cells were differentiated
into ASCs using a mixture of cytokines and CD40L (Fig. 1A).
Characterization by flow cytometry showed that the procedure
generated cells that displayed hallmarks of ASCs: IgD−CD27++

increased cell-size and gained expression of CD38 (27)
(supplemental Fig. S1, A and B). CD38+ ASCs showed
increased mRNA expression levels for CD38, BLIMP1, and
XBP1 as compared to naïve B-cells, as well as downregulation
of proliferation marker Ki-67 and naïve B-cell–specific tran-
scription factor PAX-5 (supplemental Fig. S1C). Consistent
with ASC differentiation, Ab secretion was detected for all
three Ig-classes from day 7 onwards and was most strongly
increased on day 11 (supplemental Fig. S1D).
ASCs were collected on Day 11 and further purified by

CD38+ cell-sorting (supplemental Fig. S2). These CD38+
ASCs were used for high resolution characterization via a
single-cell multimodal sequencing technology. To quantify
signaling pathway activity (i.e., phosphorylation levels), sur-
face markers, and mRNA expression on single-cell level, we
developed a strategy based on CITE-seq (16), immuno-
detection by sequencing (18, 19), RNA and immuno-
detection (21), and droplet-based QuRIE-seq (20). To enable
immunostaining, mRNA analysis, and intracellular immuno-
detection on single-cell, we divided the ASCs from each
donor into two portions before staining and sorting for multi-
modal single-cell analysis (Fig. 1B). One portion of ASCs was
first stained for extracellular protein detection and immediately
lysed and processed for single-cell library preparation, where
using a CITE-seq–like sample preparation, extracellular pro-
tein and mRNA detection was done (referred to as “live”
dataset). The second portion of ASCs was first fixed and
permeabilized to allow intracellular immuno-detection by
sequencing (referred to as “fixed” dataset). Importantly, both
samples were costained with a common set of 17 surface
antibodies including IgM, IgA, and IgG (supplemental
Tables S1 and S2). We reasoned that such a common
‘bridge modality’ should allow the integration and matching of
the two parallel datasets based on the expression of these
surface proteins. Together, the workflow generates a dataset
that includes information on ASC signaling pathway activity,
protein levels, and mRNA expression at single-cell resolution
(Fig. 1C).
Quality control and filtering of the sequencing data

(including >300 genes per cell and <5% mitochondrial gene
counts per cell, sample specific minimum and maximum UMI
counts per cell for the protein libraries, see supplemental
Fig. S3 for full details) resulted in a selection of a total of
1433 cells in the live-cell dataset and 1038 cells in the fixed-
cell dataset from three individual donors. To confirm the
terminal differentiation of the in-vitro–generated ASCs,
we analyzed the cell-cycle state at both mRNA and
protein-expression level. We categorized cells based on RNA-
expression levels of cell-cycle genes, using the gene signature
scoring method UCell (25) with G2M- and S-phase gene lists
as an input. Based on the computed scores and expression
of proliferation marker KI-67, >95% of cells were classified
as noncycling (Fig. 1D), which was confirmed using
Mol Cell Proteomics (2023) 22(2) 100492 4



Tri-Modal Single-Cell Analysis of Antibody-Secreting Cells
intracellular protein expression of Cyclin A, p-Rb, and Ki-67
(Fig. 1E). All three donors showed comparable percentages
of dividing versus nondividing cells (Fig. 1F and supplemental
Fig. S4A).
ASCs, most specifically PBs and PCs, are characterized by

IgD−CD27+CD38+ (27). Using the cell-sorted CD38+ cells, we
compared IgD−CD27+ and IgD+CD27− cells (Fig. 1G and
supplemental Fig. S4, B and C). CD27+IgD− cells showed
differential protein levels of ASC transcription factors BLIMP1
and IRF4 (Fig. 1H), which was further confirmed with the
observed increased expression (supplemental Fig. S4, D–F) of
CD27, IRF4, and MZB1 genes (Fig. 1I) and downregulation of
PTPRC (encoding CD45) and MS4A1 genes (Fig. 1I) as
compared to CD27−IgD+ cells. Taken together, our analyses
confirmed that the in vitro procedure generated differentiated
ASCs. For subsequent analysis, only nonproliferating
IgD−CD27+CD38+ cells were studied.

Single-Cell mRNA and Protein Analysis Reveals Ig-Class–
Specific Phenotypes

We analyzed the datasets using MOFA+ (26). This analysis
identifies shared variance across multiple molecular modal-
ities and allows integrated downstream analysis such as
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clustering. We supplied the model with four ‘modalities’:
mRNA, fixed-protein, live-protein and common-protein, and
grouped cells per donor to diminish donor-specific differ-
ences. (supplemental Fig. S5A). MOFA+ analysis computed
nine factors, of which factor 1 and 2 explain the most variance
within the common modality (supplemental Fig. S5B). IgM,
IgG, and IgA proteins are the major contributing features to
these factors, which suggests that factor 1 and 2 classify
ASCs based on IgM, IgA, and IgG levels (Fig. 2A and
supplemental Fig. S5, B and C). Protein expression of IgM,
IgA, and IgG (Fig. 2A, upper panels in pink) correlated with the
gene-expression levels of these Ig types (Fig. 2A, lower panels
in blue). No variation of these factors was observed between
the three individual donors or the live- and fixed-cell dataset
(Fig. 2, B and C and supplemental Fig. S5C). Additionally,
using shared-proteins as input, a UMAP representation of
both the live and fixed cell dataset shows overlapping
embedding of the two datasets (supplemental Fig. S5D).
Based on the correlation with IgG, IgA, and IgM, factor 1 and 2
were used for k-means clustering, annotating individual cells
as IgG, IgM, or IgA subclass (supplemental Fig. S5E). Using an
independent analysis method (principal component analysis
and clustering on Ig proteins), we confirmed the grouping of
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Tri-Modal Single-Cell Analysis of Antibody-Secreting Cells
cells into Ig subclasses (supplemental Fig. S6). Interestingly,
analyzing cells with all features excluding the Ig genes or
proteins showed that even in that case, distinguishing char-
acteristics are found between the ASC-secreting different Ig-
classes (supplemental Fig. S7). Finally, we observe that all
three donors displayed similar percentages of IgA, IgM, and
IgG ASCs (supplemental Fig. S8).
To dissect phenotypic differences between ASCs secreting

IgM, IgG, and IgA, we identified proteins and genes with high
loading values (weights) for factor 1 and 2, correlating with
either IgA, IgG, or IgM (Fig. 3A and supplemental Fig. S9).
First, we studied the abundance of ASC markers across the
different Ig subclasses. All major population of human pe-
ripheral B cells can be identified using a small set of
phenotypic markers: CD19, CD20, IgD, CD27, and CD38 (27).
Using our analysis, we only study IgD-CD27+ cells that were
purified by CD38+ cell-sorting on Day 11 after in vitro dif-
ferentiation of peripheral B-cells. As shown in Figure 3B,
differences exist between the expression levels of these
phenotypic markers across different Ig subclasses. Where
CD19 and CD20 are found expressed most highly on IgM
ASCs, CD19 and CD20 show low signals on IgG and IgA
ASCs. Studying the expression of CD138, as a marker of
more mature PC, it is interesting to note that only IgG ASCs
highly express CD138, suggesting that IgG ASCs have a
more PC phenotype, where IgM and IgA ASCs have a more
PB phenotype.
Also, when studying transcription and translation factors,

IgG ASCs seem to reflect more strongly a PC phenotype
with high levels of BLIMP1 on both mRNA (PRDM1) and
protein level and IRF4 on mRNA (Fig. 3C). In accordance
with literature, high levels of BLIMP1 coincide with low
levels of PAX5 and Bcl6 protein. Interestingly, high levels of
ell2 mRNA and c-myc and Tbet protein are also detected in
the IgG ASCs as compared to IgA and IgM ASCs, where
ell2 has been linked to IgG protein secretion in mice (28). In
IgM ASCs, high levels of XBP1 protein are detected in the
absence of PAX5 (Fig. 3C), where in IgA ASCs, high levels
of PAX5 repress XBP1 protein levels. The low levels of
BLIMP1 expression in both IgA and IgM ASCs and high
BLC6 protein levels in IgM ASCs again suggest that IgM
and IgA ASCs have a more PB phenotype. In IgA ASCs,
also other PAX5-regulated genes such as CD79A, IRF8, and
ID3 were highly expressed (Fig. 3C) and high expression
was observed for RUNX2, a crucial factor in IgA differenti-
ation of B-cells (29).
Different TNF-receptor family members have been impli-

cated in B-cell and ASC differentiation. As shown in Figure 3D,
highest expression of CD40 is found on IgM ASCs, consistent
with its reported role in class-switching and survival (30).
Expression of CD27 and its ligand CD70 appears to be
mutually exclusive as described before, where high CD70
levels are observed on IgG ASCs as compared to IgM and IgA
ASCs. Previously, CD70 signaling has been associated with
specific downregulation of IgG, which is potentially explained
by the differential expression of CD70 on IgG ASCs (31).
Comparing expression of the BCMA, TACI, and BAFF-R in-
dicates that BCMA is most highly expressed on IgA ASCs,
while TACI is most highly expressed on IgG ASCs and BAFF-R
is highest expressed on IgM ASCs (Fig. 3D). These observa-
tions are very well aligned with the observed defects in Ig
production seen in TACI−/− KO mice (32) and low IgM and IgG
levels in the BAFF-R−/− KO mice (33).
IgG PCs are thought to migrate to the bone marrow,

while IgA PCs migrate to mucosal-associated lymphoid
tissue (2). We next studied whether different Ig subclasses
of ASCs are differently imprinted to mediate migration to
these sites. Indeed, the bone marrow homing receptor
CXCR4 was highly expressed on IgG ASCs of which the
ligand, CXCL12 is expressed by bone marrow stromal cells
(Fig. 3E) (34). Furthermore, CD44 and CD31 were highest
expressed on IgG ASCs, which have been shown to be
important for adhesion to the bone marrow stroma (Fig. 3E)
(35). In contrast to IgG ASCs, IgA ASCs expressed integrins
α4 (CD49d) and β1 and β7, which have been reported to
direct IgA PCs to respiratory and intestine mucosal tissue,
respectively (Fig. 3E) (36). IgM PCs can remain in the
lymphoid organs or migrate to sites of infection or mucosal
tissue, the latter supported by the moderate expression of
integrins α4 and β7 (Fig. 3E) and CXCR5 (under direction of
CD40) on IgM ASCs (37). Overall, our single-cell method
revealed that ASCs expressing different isotype classes
differentially express transcriptional factors, membrane pro-
teins, and homing receptors.

Ig Subclasss Show Differential Activity of Cytokine
Signaling Across Modalities

To establish the sensitivity for cytokine-induced signaling
across IgM, IgA, and IgG ASCs, we analyzed receptor
expression, intracellular phospho-proteins, and downstream
gene expression of IL2/IL15, IL6, JAK/STAT, and IFNA path-
ways. As shown in Figure 4, IgM ASCs show elevated
expression of IL-2RA, IL-2RB, IL-2RGmRNA, and high-affinity
IL2 receptor (CD25) protein (Fig. 4, A and B) as well as mod-
erate levels of pJAK1 and high levels of pSTAT5/6 (Fig. 4, C
and D). Signal transduction is most likely driven by IL-15, as
from Day 7, no IL-2 was added to the in vitro culture, and IL-15
is present between Day 7 to 11 (Fig. 4, A–D) (38). In contrast,
IgG ASCs express high levels of IL-6R mRNA as well as the
corresponding protein IL-6R (Fig. 4A). IL-6 signaling induces
high levels of p-STAT3, which in literature is described as a
key inducer of PRDM1 expression (39). In addition, high
expression of IFNAR1 and IFNAR2 protein was detected in
IgG ASCs (supplemental Fig. S4, A and B) and IFN-α signaling
mediators were most abundantly detected in IgG ASCs with
pJAK1, pSTAT1, and STAT1 gene expression (Fig. 4, C and
D). Finally, IgA ASCs showed low JAK/STAT pathway activa-
tion and modest IL-6R and STAT3/6 expression, suggesting
Mol Cell Proteomics (2023) 22(2) 100492 6
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Tri-Modal Single-Cell Analysis of Antibody-Secreting Cells
IgA PCs are less dependent or sensitive to these cytokines.
Taken together, our analysis allowed us to observe two
distinctly different cytokine-induced signaling profiles in PCs:
IgM shows high IL-15 and STAT5/6 signaling, while IgG shows
high IL-6/IFNR and STAT1/3 signaling (Fig. 4D).
7 Mol Cell Proteomics (2023) 22(2) 100492
Tonic BCR Signaling and NF-κB/mTOR Show Different
Activity in IgM, IgG, or IgA Cells

Differentiation of B cells in ASCs/PCs is accompanied by a
switch from membrane to secreted Ig, thereby losing
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Tri-Modal Single-Cell Analysis of Antibody-Secreting Cells
expression of the B-cell receptor (BCR) and its signal
transduction. Recent studies in both mice and human PCs
revealed that IgM and IgA PCs still express a BCR capable of
signaling, suggesting these cells can still detect and respond
to antigens (40, 41). To study whether evidence of active
BCR signaling can be detected in the in vitro–differentiated
human ASCs, we analyzed different elements of BCR
pathway activation. Both IgA and IgM ASCs had high levels
of phosphorylated CD79a, the immediate downstream signal
transduction protein of the BCR (Fig. 4F). Also other down-
stream signal components of the BCR, pSRC, pBLNK, and
pp38 were detected in IgM ASCs, while pSYK was detected
in IgA ASCs (Fig. 4F). In contrast to IgM and IgA ASCs, and in
accordance with recent reports, little or no activation of the
BCR pathway was detected in IgG ASCs (Fig. 4F). In fact, we
observed phosphorylation of Syk, mTOR, and observed NF-
κB pathway activation as detected by pIKK and pP65, sug-
gestive of an active BCR-independent signal transduction in
IgG ASCs. Reversely, no or limited activation of NF-κB and/
or mTOR was detected in IgA or IgM ASCs. Together, we
find a unique phenotypic profile for each Ig-class across
modalities that includes surface-protein expression, activity
of distinct signalling pathways and mRNA expression
(Fig. 5).
To validate the findings from our integrated single-cell

(phospho-)protein and RNA detection approach, we differen-
tiated human ASCs following the same procedures and on
Day 10, added different small molecule inhibitors. Flow
Mol Cell Proteomics (2023) 22(2) 100492 8



FIG. 5. Highlights of human Ig-specific antibody secreting cell expression profiles and signaling pathway activity. Single-cell multi-
omics analysis revealed three major Ig-classes among the in-vitro–differentiated human antibody-secreting cells (ASCs): IgM (left), IgG (middle),
and IgA (right). Each Ig-class shows a unique combination of phenotypes across multiple molecular modalities: surface-protein expression of
homing and cytokine receptors, signal pathway activity, and mRNA expression. Created with BioRender.com

Tri-Modal Single-Cell Analysis of Antibody-Secreting Cells
cytometry was used as an independent technology to validate
our proteomics findings. As described above, increasing
numbers of PBs and PCs were detected from Day 10 onwards
(Fig. 6A). When comparing PB and PC differentiation across
the different Ig-secreting ASCs, again IgG ASCs seem to
display a more PC phenotype where IgA and IgM ASCs show
a more PB phenotype from Day 11 onwards (Fig. 6B). To
understand the relevance of the proteomic observations made
on Day 11, inhibitors targeting SYK (R406), PI3K (idelalisib),
NF-κB (IKK16), and mTOR (rapamycin) activation were added
on Day 10 and on Day 12, and PB, PC counts, and immu-
noglobulin production were determined for each of the Ig
isotypes. The strong inhibition on downstream signal trans-
duction in IgA, IgM, and IgG ASCs by R406, rapamycin, and
IKK-16 was confirmed using phospho-flow cytometry
(supplemental Fig. S10). As shown in Figure 6C, using DMSO-
treated cells as a reference, PI3K inhibition using idelalisib
similarly reduced PB and PC numbers across Ig-isotypes.
9 Mol Cell Proteomics (2023) 22(2) 100492
Also looking at immunoglobulin production between Day 12
and 10 did not reveal strong effects of inhibition of PI3K
(Fig. 6D). In contrast and fully in line with the obtained prote-
omics data, Syk inhibition using R406 showed a significant
drop in IgA and IgG PBs and PCs, while not affecting IgM
ASCs. Interestingly, SYK inhibition did not affect immuno-
globulin secretion (Fig. 6D). Using our proteomics approach,
mTOR and NF-κB signal transduction were found to be
highest active in IgG ASCs. As shown in Figure 6C, NF-κB
inhibition using IKK16 inhibited PB and PC numbers for IgG-
secreting ASCs, while IKK16 inhibited IgA and IgM PB
numbers, but not affecting IgM and enhancing IgA PCs
numbers. Inhibition of NF-κB resulted in similar secretion of
IgM, enhanced secretion of IgA, and reduced secretion of IgG
(Fig. 6D). When studying the effect of mTOR inhibition by
rapamycin, a strong reduction of PB and PCs were observed
for all Ig-secreting ASCs. Interestingly, while strongest cell
number reductions were observed for IgA and IgM ASCs than

http://BioRender.com
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Tri-Modal Single-Cell Analysis of Antibody-Secreting Cells
IgG-secreting ASCs, IgG secretion was most strongly inhibi-
ted than IgA and IgM.
DISCUSSION

In this study, we undertook integrated single-cell (phospho-)
proteomics and RNA detection to phenotypically dissect hu-
man in vitro–differentiated PBs and PCs to understand differ-
ences that might be present between human IgA, IgM, and IgG
ASCs. We employed an in vitro differentiation protocol to
obtain large quantities of human ASCs from peripheral B-cells.
Our multimodal single-cell analysis method detected the Ig
subclass–specific expression of B cells phenotypic markers,
transcription factors, TNF-receptor mediated survival re-
ceptors, and expression of niche-specific homing receptors in
this bulk heterogenous sample of in vitro–differentiated non-
cycling IgD−CD27++CD38+ ASCs. More importantly, our
method allowed simultaneous detection of active cytokine-
Mol Cell Proteomics (2023) 22(2) 100492 10



Tri-Modal Single-Cell Analysis of Antibody-Secreting Cells
induced, BCR and mTOR/AKT signal transduction that
revealed that each Ig subclass has differential sensitivity to-
wards these stimuli based on the differential expression of their
receptors. Finally, we validated our proteomic findings using
alternative methods and demonstrated the importance of the
identified signal transduction pathways for differentiation,
survival, and immunoglobulin secretion using small molecule
inhibitors of SYK, PI3K, NF-κB, and mTOR.
To our knowledge, our study is the first to map, at the single-

cell level, phenotypic markers and record active signal trans-
duction in heterogeneous mixture of differentiating and
antibody-secreting B cells. ASCs composed of PBs and PCs
are crucially important to maintain circulating immunoglobulin
levels and provide long-lasting immunity by their sometimes
life-long survival in dedicated niches in the body. Aberrant PCs
have been linked to human diseases like rheumatoid arthritis,
systemic lupus erythematosu, IgA nephropathy, and multiple
myeloma. A detailed molecular phenotyping and deep under-
standing of human ASC differentiation and PC survival is
therefore important to understand the etiology of such diseases
as well as to identify molecular targets for drug discovery.
Recently, studies using single-cell RNA-seq technologies

have provided more understanding on the (heterogeneity in)
phenotype of aberrant PCs (42–45). However, these studies
only provide insight in the mRNA expression of different cells,
whereas in our study, we combine mRNA, extracellular, and
intracellular (phospho-)protein information at the single-cell
level. One of the current major challenges in the single-cell
field is integrating datasets across samples and molecular
modalities. Computational strategies encounter several con-
siderations as how to define anchors, scalability, and handling
missing data (46). Several of these challenges are being
addressed by recently developed tools including MOFA+ (26),
multiVI (47), COBOLT (48), StabMap (49), scMVP (50), and
Bridge Integration (51). So-far, there was no illustration of
integrating mRNA datasets with a comprehensive intracellular
phospho-protein and transcription factor dataset using a
common set of surface proteins. Here, we illustrate the suc-
cessful use of the MOFA+ framework bridging single-cell
mRNA quantification with detailed insight in signal pathway
activity from the same cell (sub)type. In principle, as long as
the phenotype (such as cell subtypes in this article) is being
quantified in the shared molecular modality, any other asso-
ciated phenotypes in separate datasets can be integrated and
explored. Taken together, based on our analyses performed,
integration of both datasets allowed us to gain detailed insight
into human ASCs across three molecular modalities.
We detected, in a heterogenous mixture of differentiated

ASCs, phenotypic markers that are differentially expressed
across different Ig-secreting ASCs. These include PB and PC
markers, TNF-receptors, and homing receptors. Our study
uniquely allowed the simultaneous detection of active signal
transduction at the moment of isolation of ASCs on Day 11 in
the differentiation protocol. First, we detected active cytokine
11 Mol Cell Proteomics (2023) 22(2) 100492
signaling that occurs as a result of the addition of the cytokines
during the in vitro differentiation protocol. Here, we demon-
strated that not all Ig-secreting ASCs are equally sensitive to
the added cytokines as was evidenced by the differential
sensitivity of IgM ASCs towards IL-15 (STAT5/6) versus IgG
ASCs that demonstrated high sensitivity towards IL-6/IFN
signaling. As demonstrated before, our method uses an unbi-
ased and potentially unlimited set of antibodies for detection,
allowing unbiased findings to occur. Here, we found that tonic
BCR signaling seems to be active on Day 11 of in vitro differ-
entiation in IgM and IgA ASCs, while in IgG ASCs, SYK, NF-κB,
and mTOR signal transduction is active. Our findings were
substantiated using an independent technology (flow cytom-
etry) and studying the effect of small molecule inhibitors that
target SYK, PI3K, NF-κB, and mTOR. In human and mice, IgM
and IgA but not IgG ASCs have been shown to express a
functional BCR that can activate intracellular signaling (40, 41),
and tonic BCR signaling has been reported for pre- and naive
B-cells as an important survival signal (52). The in vitro–differ-
entiated IgM and IgA ASCs show all hallmarks of tonic BCR
signaling, suggesting that these cells still rely on this pathway
for survival. It has been proposed that CD45, a positive regu-
lator of BCR signaling, triggers receptor tyrosine kinases to
phosphorylate CD79a and CD79b, thereby initiating tonic
signaling. This could explain the tonic signaling observed in
this culture, as CD45 expression was higher in IgM and IgA
cells than IgG cells (52). Also, the observed expression of BCL6
in IgM ASCs may positively affect tonic BCR signaling in B-cell
lymphoma cells (53). In contrast, IgG ASCs displayed no p-
CD79a or downstream signaling, but our methods did reveal
strong phosphorylation of SYK, NF-κB, and mTOR pathway
components. Apart from BCR-induced activation, SYK can be
activated through different ITAM-containing receptors (54) and
SYKmay regulate activation of the mTOR pathway, supporting
cell growth and proliferation (55, 56). Additionally, in IgG, we
detected active IL-6 signaling. This signaling axis, in concert
with the NF-κB and BLIMP1–XBP1 axis, has been described to
induce mTOR activity and antibody production through regu-
lating the unfolded protein response (20, 57). In fact, our study
revealed that while all ASCs were strongly reduced in numbers
by rapamycin treatment, IgG secretion by ASCs was most
dramatically inhibited by rapamycin despite having the lowest
effect on PB and PC numbers than IgA and IgM ASCs, con-
firming that mTOR activity is modulating immunoglobulin
production and secretion. Taken together with the phenotypic
markers (i.e., CD138, PAX5, ell2, homing-, and TNF receptors
etc.) using our multimodal omics approach, we were able, in a
single biological experiment, to reveal differential sensitivities
to signal transduction in a heterogenous mixture of cells as
evidenced by IgG ASCs defined by active IL-6, JAK-STAT,
SYK, NF-κB versus IgA and IgM ASCs.
The rapidly expanding range of single-cell technologies

provides quantitative information about different ‘layers’ in the
cell but often not on multiple layers at the same time. We have



Tri-Modal Single-Cell Analysis of Antibody-Secreting Cells
demonstrated that integrating single-cell datasets on mRNA,
surface markers, and intracellular (phospho-)protein via the
quantification of a shared modality is a powerful strategy to
characterize the transcriptional wiring and signaling pathway
activity in in-vitro–differentiated primary cells. Our strategy
yielded valuable insights into the molecular differences across
modalities between human IgM, IgA, and IgG ASCs in heter-
ogenous mixture of cells. We envision that an integrated
single-cell multi-omic analysis pipeline is especially suitable
for studying cells in the human peripheral blood mononuclear
cells compartment, where the cell-type–specific response to a
range of stimuli provides a deeper understanding of key pro-
cesses in immunology or blood borne cancers and where
detailed dissection of mode of action of pharmaceutical in-
terventions will aid the development of novel therapeutic
interventions.
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