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Abstract

Background: Plasma cells (PCs) are terminally differentiated B-lymphocytes producing antibodies. In coeliac disease (CeD)
there is increased density of PCs in the small-intestinal lesion. Many of these PCs produce disease-specific autoantibodies
targeting transglutaminase 2 (TG2).

Objective: The plasmacytosis of CeD motivated us to study the transcriptional programme of PCs from coeliac gut lesions.
Methods: RNA-seq was performed on the PCs of CeD patients and disease controls, being specific or non-specific for TG2.
Results: Being antibody-producing cells, 67% of the PCs’ transcript was aligned to immunoglobulin genes. Strikingly, genes
encoding ligands and receptors of chemokines and cytokines were abundant. Higher transcript levels of genes associated
with cell activation and immune responses were observed in PCs of CeD patients compared to controls. TG2-specific
compared to non-TG2 specific PCs expressed increased levels of CXCR3, CXCL10 and interleukin-15; factors that have
been implicated in the pathogenesis of CeD yet with production attributed to other cells than PCs. The presence of transcripts
of HLA class Il and T-cell co-stimulatory molecules suggests that PCs may serve as antigen-presenting cells for CD&4 + helper
T cells.

Conclusions: Our findings shed new light on the biology of intestinal PCs, implicating functions that go beyond the
production of immunoglobulins.
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Key summary

Current knowledge

1. Plasma cells (PCs) of immunoglobulin M (IgM) and immunoglobulin A (IgA) isotypes are found in
mucosal tissues.

2. Patients with active coeliac disease (CeD) have increased numbers of PCs in the small intestine.

3. PCs in CeD produce disease-specific antibodies towards deamidated gluten peptides and the enzyme
transglutaminase 2.
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Key findings of this study

. Mucosal PCs express genes of immune mediators and receptors.

2. Interleukin-15 as well as CXCR3 and CXCL10 that have a role in CeD are expressed by PCs. The
production of these factors was attributed to cells others than PCs.

3. PCs may have a central role in immune function and regulation and hence, may be an attractive target for

inflammatory intestinal disorders.

Introduction

Plasma cells (PCs) are highly specialised antibody-pro-
ducing cells, mostly localised in special survival niches
in the bone marrow and at mucosal tissues. In coeliac
disease (CeD), a gluten-mediated enteropathy charac-
terised by villous atrophy and malabsorption, and a
two- to three-fold increased density of PCs in the
lamina propria are the hallmarks of active disease.'?
A substantial proportion of the PCs in CeD gut lesions
is specific for the disease-associated antigens transglu-
taminase 2 (TG2) and deamidated gluten peptides.>*
A strict avoidance of gluten from the diet normally
results in the recovery of the villus structures and nor-
malisation of PC density.

Little is known about the contribution of PCs to the
generation of coeliac lesions and their immunological
functions. Recent reports, however, have indicated that
PCs exert functions that go beyond antibody produc-
tion. Distinct functions were attributed to PCs based on
their cytokine profile.” Malignant plasma cells were
demonstrated to produce cytokines and chemokines,
and to activate cluster of differentiation
(CD)4 +helper T cells.® Expression of HLA-DR,
HLA-DQ, and the co-stimulatory molecules CD40,
CD80 and CD86 by PCs were also reported.®'® Such
functions would be particularly notable in conditions
where PCs are prevalent, for example in CeD, where
production of inflammatory mediators may have sig-
nificant effects due to their vast numbers.

To understand whether and how PCs may contrib-
ute to intestinal inflammation, we characterised the
transcriptional profiles of the small-intestinal PCs of
disease controls and patients with active CeD. We dem-
onstrate that gut PCs express transcripts of genes that
encode for inflammatory mediators and receptors,
co-stimulatory molecules and HLA class II. Our find-
ings suggest that PCs have the ability to respond
to external stimuli via their surface receptors and
thus interact with other immune cells, in particular,
CD4+T cells.

Methods
Study material

Seven CeD patients with active disease and four disease
controls were enrolled in this study (Table 1). All

subjects visited the gastroenterology unit for clinical
assessment. CeD was diagnosed according to the guide-
lines of the British Society of Gastroenterology.'' The
disease control subjects were examined due to irritable
bowel syndrome and histological assessment of routine
biopsies revealed no signs of inflammation. Single cell
suspensions were prepared from small-intestinal biop-
sies as described.'?

All other methodological procedures are available as
supplementary information.

Results
RNA-seq libraries

RNA-seq was performed on sorted intestinal IgA PCs
from disease controls (hereafter referred to as DC-PCs),
and the PCs of CeD patients, being specific or not spe-
cific for the autoantigen TG2 (hereafter TG2-PCs and
non-TG2-PCs, respectively). The library sizes ranged
from 36-67 million read pairs per sample. Around
78-82% of the total reads were mapped to the known
transcripts annotated in GENCODE GRCh38.p7. In
line with previous observations'® 61-67% of the map-
pable reads were mapped to immunoglobulin (Ig)
genes. Following filtration of Ig-mapped reads, the
libraries varied from 12-25 million reads. Based on a
conservative definition,"* around 45% of the total
known protein-coding genes (>10,000 genes) were con-
sidered to be ‘active’ in each of the Ig-filtered libraries
(Supplementary Table 1). To examine the purity of
sorted PCs we searched for genes that were specific for
T cells, monocyte, dendritic cells, eosinophils and stro-
mal cells; all were absent from the data (Figure 1).

Transcriptional profiles of intestinal IgA PCs

To survey the transcriptional programme of intestinal
IgA PCs (other than Ig-encoding transcripts), we
looked into the biological functions ascribed to the
most abundantly expressed genes (n=23000) in (i) DC-
PCs, (ii)) TG2-PCs and (iii) non-TG2-PCs. Notably,
each of the PC groups expressed the same set of top
3000 genes, including known PC transcripts such as
Blimp-1, syndecan-1, XBP1, IRF4, BCMA, TACI,
CD27 and CD38. B-cell specific genes that are
repressed in PCs such as CD20, PAX5 and BACH2
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Figure 2. Transcript profile of intestinal IgA PCs following exclusion of immunoglobulin transcripts.

(a) The top 50 expressed genes (mean geometric rank) in small-intestinal IgA PCs of disease controls (DC-PCs) and CeD patients that are
either non-specific or specific for TG2 (non-TG2-PCs and TG2-PCs, respectively). The colour scale shows the normalised expression counts
on a log2 scale (regularised logarithmic values reported by DESeq2); (b) enriched gene ontology (GO) categories within the top 3000 genes
in PCs. On the x-axis, the negative logarithm of the adjusted p-value of the enriched category is shown. The size of the points represent the
proportion of genes in the category (in the database) overlapping with the list of the top 3000 abundant genes.

Functions related to RNA and protein anabolism/
catabolism, ribosome biogenesis, protein folding, bio-
synthesis of macromolecule and protein localisation
were prominent.

Dissection of PC transcripts encoding for
immunological mediators and receptors

The GO analysis demonstrated that immunological path-
ways are in the core of the transcriptional programmes of
gut IgA PCs. Hence, the transcription patterns of genes
related to (i) cytokines and cytokine receptors, (ii) chemo-
kines and their receptors, (iii) antigen presentation and
(iv) co-stimulatory molecules were closely examined.

(1) Cytokines and cytokine receptors: 1L-16, IL-15 and
TGFBI were highly abundant, whereas IL-6 and

1L-32 were expressed at lower levels (Figure 3a).
Four TNF superfamily genes were expressed:
TNFSF9 and TNFSF10 that induce T-cell activa-
tion and apoptosis, respectively; TNFSF13
(APRIL) and TNFSF13B (BAFF) that are essential
for PCs development. IL-12A and IL-23A were also
expressed; however, the transcript for their common
p40 subunit was not detected.

All subunits to form functional cytokine receptors of
IL-5, IL-6, IL-10, IL-17A, IL-17F, IL-21 and IL-27 were
expressed (Figure 3a), as well as the paired receptor genes
for IFNa (IFNARI1/2), IFNy (IFNGR1/2), IFNx
(IFNLR1 and IL10RB) and TGFBRI1/R2. TACI,
BAFF-R and BCMA (i.e. TNFRSF13B, TNFRSF13C
and TNFRSF17, respectively) known to be essential for
PCs differentiation and survival were abundant.
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Figure 3. Immune-related mediators and receptor genes that are
expressed in PCs.

The expression profile of the following immune-related genes in
IgA PCs of disease controls and CeD patients: (a) cytokines, cytokine
receptors as well as chemokines and chemokines receptors; (b)
HLA class Il genes and their associated and (c) co-stimulatory
molecules. The colour scale shows the normalised expression
counts on a log2 scale (regularised logarithmic values reported
by DESeq2).

(i1) Chemokines and chemokine receptors:
Chemoattractant genes for T cells, monocytes and
macrophages such as CCL3, CCL4, CCLA4L2,
CXCL10 and CXCL16 were found. mRNA for

chemokine receptors responding in an inflamma-
tory environment such as CCR2, CCR10 and
CXCR3 were also detected (Figure 3a).

(iii) Antigen presentation: As expected, transcripts for
HLA class I molecules were abundantly expressed.
Remarkably, genes encoded to HLA class II mol-
ecules were also found consistently across all PCs
samples (Figure 3b). The MHC class II antigen-
associated invariant chain (CD74) was among the
top 50 expressed genes.

(iv) Co-stimulatory molecules: Genes that aid cross-
talk with T cells were expressed. Of particular
note were TNFSF9 (4-1BBL) that interacts with
4-1BB; ICOSL, CD86; CD48 and CDS58 that inter-
act with CD2; CD40 that interacts with CD40L;
and ICAM1/2/3/4 that interact with LFAI on T
cells. MIC-A and MIC-B that react with NKGTD
and NKGTA that are expressed on NK cells,
intraepithelial T cells and ydT cells were also
detected (Figure 3c).

Supplementary Figure 2 depicts the individual vari-
ation of immunological mediators and receptors
expressed by PCs.

PCs of CeD patients exhibit an increased
inflammatory profile

Next, we compared the transcriptional profiles (all
expressed genes) of PCs of the disease control and
CeD patients. Differential expression (DE) analysis
was performed for DC-PCs vs. non-TG2-PCs and DC-
PCs vs. TG2-PCs. A hundred and forty genes had
increased activity in both non-TG2-PCs and TG2-PCs
in comparison with DC-PCs (Figure 4a, Supplementary
Figure 3 and Supplementary Table 2). GO categorisa-
tion of these 141 DE genes implied that PCs from
patients were at higher activation levels relative to DC-
PCs (Figure 4b). Such genes are known to participate in
cellular processes such as (i) response to stimulus, (ii) cell
activation, (iii) cell surface receptor signalling and
others. Of particular note are genes that were grouped
under ‘immune effector process’ and ‘lymphocyte
chemotaxis’ (such as ADAMI10, GPR183, CXCLI10,
and HSD3B7), which play a pivotal role in recruiting
immune cells to an inflammatory site.

TG2-PCs exhibit increased expression of genes
related to T-cell activation and chemotaxis

A hundred and fifty-one DE genes with increased
expression were found in TG2-PCs in comparison
with the non-TG2-PCs of CeD patients (Figure Sa,
Supplementary Figure 4 and Supplementary Table 3).
GO categorisation of those genes highlights a potential
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Figure &. Differentially expressed genes in CD vs. disease controls.

(a) The expression profile of the differentially expressed genes (n =141 based on fold difference) in PCs from CeD patients (non-TG2- and
TG2-PCs) and disease controls. The colour scale shows the normalised expression counts on a log2 scale (regularised logarithmic values
reported by DESeq2); (b) a functional GO analysis was performed using the differentially expressed genes that were upregulated in both
non-TG2- and TG2-PCs in comparison to DC-PCs. On the x-axis, the negative logarithm of the adjusted p-value of the enriched GO term is
shown. The size of the points represents the proportion of genes in the term.
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Figure 5. Differentially expressed genes in TG2-PCs vs. non-TG2-PCs.

(a) The expression profile of the top differentially expressed genes (n=151) in TG2-PCs in comparison with non-TG2-PCs. The colour scale
shows the normalised expression counts on a log2 scale (regularised logarithmic values reported by DESeq2); (b) a functional GO analysis
was performed using the upregulated genes in TG2-PCs. On the x-axis, the negative logarithm of the adjusted p-value of the enriched GO
term is shown. The size of the points represents the proportion of genes in the term.

cross-talk between TG2-PCs and T cells (Figure 5b). Of
particular interest are genes grouped under the terms
‘positive regulation of T-cell proliferation’ (ANXAL,
IL15, TNFSF9) and ‘T-cell chemotaxis’ (CXCLI10
and CXCR3).

Discussion

In this work, we analysed the transcriptomic profile of
intestinal IgA PCs. Being highly specialised antibody-
producing cells, PCs are not considered to be involved
in immunoregulatory circuits. Our findings challenge
this notion. We found expression of genes that play
crucial roles in various immune system processes, thus
suggesting that PCs have the ability to respond
to stimuli and to interact with their surrounding

environment. Interestingly, in the inflamed gut, the
PCs showed higher transcript levels of inflammatory
mediators and receptors.

The expression of gene encoding for cytokines, che-
mokines and their receptors by PCs suggests a cross-
talk with other immune cells, primarily T cells. Of par-
ticular interest are the expressions of IL-15 and IL-16;
the latter is the ligand for CD4 (and CD?9). It attracts
and activates CD4 + T cells,">!” upregulates CD25 and
CD122 and thus primes and facilitates their responsive-
ness to IL-2 and IL-15."® Elevated levels of IL-15 have
been reported in CeD'>* as well as in inflammatory
bowel disease.?! This cytokine supports the survival
and proliferation of cytotoxic intraepithelial lympho-
cytes (IELs), which can directly damage epithelial
cells and lead to tissue remodelling in CeD.?? IL-15 is
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therefore thought to have a central role in the patho-
genesis of CeD, with epithelial cells and lamina propria
dendritic cells being its main sources.””** Here, we
demonstrated that intestinal PCs express high levels
of IL-15 and IL-15RA transcripts. IL-15 functions
chiefly via cell-to-cell contact (i.e. trans presentation)
by which the membrane bound IL-15:IL-15Ra complex
is presented to the interacting cell. Co-expression of
IL-15 and IL-15RA suggests that PCs have the ability
to activate CD4+ T cells, IELs and CTLs; all T-cell
subsets being involved in gut inflammation and shaping
of the coeliac lesion.

CXCL9, CXCLI10 and CXCLI1 being ligands for
CXCR3 attract cells to inflammatory sites. The expres-
sion of CXCL10 and CXCLI11 has been shown to
increase in duodenal biopsies of untreated CeD
patients, and PCs and enterocytes were identified as
CXCLI10-producing cells.”> Our data support these
findings and further demonstrate that autoreactive
TG2-PCs express high levels of CXCL10 and
CXCR3. Thus TG2-PCs and also non-TG2-PCs in
CeD directly contribute to the recruitment of
CXCR3-expressing cells such as Thl cells, IELs, y6T
cells, monocytes, PCs, and other immune cells that take
part in ongoing gut inflammation. IL-15, IFNa, and
IFNy that are found at increased levels in the coeliac
lesion, are known to induce the production of
CXCL10.?® Both IFN receptors are expressed by PCs;
it is thus conceivable that the elevated levels of
CXCLI10 expressed by PCs are due to the effect of
these cytokines. Additionally, PCs express CCLS3,
CCL4, CCL4L2, CCL25 and CXCLI16. Taken as a
whole, the vast expression of chemokine genes suggests
that PCs contribute to the recruitment of immune cells
to gut inflammatory sites.

The expression of HLA class II molecules is thought
to be silenced during PC differentiation. Several studies,
however, reported various levels of surface expression
of HLA class II molecules as well as co-stimulatory
molecules such as CD86 on PCs.”' We have shown
that PCs express HLA class 11 transcripts as well as
HLA-DM and CD74. In line with Ellyard et al.,” we
found CD86 (but not CD80) to be expressed, thus sug-
gesting that intestinal PCs can function as competent
antigen-presenting cells (APCs) to CD44T cells.
Intestinal IgM and IgA PCs maintain expression of Ig
surface receptors.>>’ Being antigen-specific, PCs, via
their B cell receptors (BCRs), can internalise antigen
and thereafter load HLA class II molecules with pep-
tides from the BCR-targeted antigen. Even though
HLA class II expression on PCs may be low, the num-
bers of a specific peptide HLA II complex, might be
sufficient to stimulate cognate activation of T cells.
Intriguingly, by employing a monoclonal antibody
specific for an HLA-DQ:gluten-peptide complex

(i.e. HLA-DQ2.5:DQ2.5-glia-a1a), PCs were shown to
be the main cells presenting a gluten epitope in
untreated CeD patients.”® Functional testing of gut
PCs as APCs for CD4+T cells in general, and
gluten-specific CeD CD4+T cells in particular,
should thus be a priority in future studies.

Here, we have shown that PCs express genes impli-
cated in cellular and immunological functions that
expand beyond their role as antibody-secreting cells.
PCs have the potential to produce inflammatory cyto-
kines and chemokines and respond to environmental
cues via designated receptors. They may have an intim-
ate cross-talk with CD4+ T cells that include chemo-
taxis, activation, and antigen presentation. Additional
studies are needed to understand the function of PCs
and their role in gut inflammation.
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