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Dysregulated B cell responses have been described in inflammatory bowel disease (IBD) patients; however, the role of B cells in IBD
pathology remained incompletely understood. We here provide evidence for the detrimental role of activated B cells during the
onset of autoimmune intestinal inflammation. Using Wiskott-Aldrich Syndrome interacting protein deficient (Wipf1™~) mice as a
mouse model of chronic colitis, we identified clusters of differentiation (CD)86 expression on activated B cells as a crucial factor
exacerbating pro-inflammatory cytokine production of intestinal CD4 T cells. Depleting B cells through anti-CD20 antibody
treatment or blocking costimulatory signals mediated by CD86 through cytotoxic T lymphocyte antigen-4-immunoglobulin
(CTLA-4-Ig) diminished intestinal inflammation in our mouse model of chronic IBD at the onset of disease. This was due to a
reduction in aberrant humoral immune responses and reduced CD4 T cell pro-inflammatory cytokine production, especially
interferon-g (IFN-g) and granulocyte-macrophage colony-stimulating factor (GM-CSF). Interestingly, in addition to B cells isolated
from the inflamed colon of Wipf1™~ mice, we also found CD86 mRNA and protein expression upregulated on activated B cells
isolated from inflamed tissue of human patients with IBD. B cell activation and CD86 expression were boosted by soluble CD40L
in vitro, which we found in the serum of mice and human patients with IBD. In summary, our data provides detailed insight into the

contribution of B cells to intestinal inflammation, with implications for the treatment of IBD.

Mucosal Immunology (2024) 17:67-80; https://doi.org/10.1016/j.mucimm.2023.10.005

INTRODUCTION

Inflammatory bowel disease (IBD), including Crohn's disease and
ulcerative colitis (UC), is a group of immune-mediated disorders
of the intestine with increasing incidence worldwide'. Suscepti-
bility to IBD is driven by environmental risk factors together with
a genetic predisposition to aberrant mucosal responses to com-
mensals. Recent single-cell RNA sequencing studies revealed
perturbations in humoral immunity during IBD, including the
accumulation of B cells, an IBD-specific subset of T follicular
helper (TfH) cells, and immunoglobulin (Ig)G plasma cells (PC)
in mucosal tissue>>. Furthermore, B cell transcriptomic signa-
tures were enriched in patients with UC refractory to biological
therapies”. Despite this evidence for a potential implication of
B cells in the pathology of IBD, B cell depletion in patients with
UC using anti-clusters of differentiation (CD)20 antibodies (ritux-
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imab) has shown no benefit’. On the contrary, rituximab treat-
ment of patients with extraintestinal inflammatory diseases
correlated with colitis-like manifestations; suggesting a protec-
tive role for B cells in the gut®. Consequently, the potential detri-
mental or beneficial role of B cells in IBD pathology remains
incompletely understood.

B cells might influence intestinal inflammation through anti-
body and cytokine production or interaction with T cells. In the
intestine, activation of B cells takes place in mesenteric lymph
nodes (mLN), Peyer’s Patches (PP), and isolated lymphoid folli-
cles (ILF) of the lamina propria (LP) and occurs via both T-
independent and T-dependent (TD) pathways. T-independent
responses potentially involve the recognition of microbial com-
ponents prevalent in the gut such as lipopolysaccharide (LPS)
through Toll-like receptor (TLR)4 expressed on B cells. TD
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responses require signals from CD4 TfH cells’, which provide
costimulatory signals for B cell differentiation and class-switch
recombination (CSR) via ligands that include CD40L®. During
inflammation, exaggerated immune reactions to the microbiota
involve a TD response, leading to antibodies of IgA as well as IgG
isotypes’.

A large genome-wide association study among patients with
IBD identified over 163 loci associated with IBD risk'®. A network
analysis including these risk loci as well as gene expression data,
identified an IBD subnetwork that contains several genes—
among them the gene encoding for the actin cytoskeleton reg-
ulator Wiskott-Aldrich Syndrome protein (WASp). WAS is an X-
linked immunodeficiency associated with an increased suscepti-
bility to infections and autoimmune manifestations. In total, 10%
of WAS patients develop early-onset IBD'', accompanied by sys-
temic autoimmunity'?. Causes of disease are defective expres-
sion of the WASp or the WASp interacting protein (WIP), both
regulators of the actin cytoskeleton. WASp as well as WIP-
deficient (Wipf1™") mice develop IBD with 100% penetrance'>'“.
We here describe Wipf1™~ mice as mouse model of chronic col-
itis with characteristic immunological features of human IBD and
used these mice to test treatment options targeting B cells dur-
ing 1BD.

Our data provides evidence for the detrimental role of B cells
during the onset of intestinal inflammation. Using our mouse
model of chronic colitis, B cell depletion, mixed bone marrow
(BM) chimeric mice, as well as a T cell transfer model of colitis,
we identified CD86 expression on activated B cells as crucial fac-
tor exacerbating pro-inflammatory cytokine production of CD4 T
cells. Depleting B cells or blocking costimulatory signals medi-
ated by CD86 diminished intestinal inflammation in our mouse
model of chronic IBD. We also found CD86 messenger RNA
(mRNA) and protein expression upregulated on B cells isolated
from inflamed tissue of human patients with IBD. Furthermore,
we provide evidence that B cell activation and costimulatory
molecule expression can be helped additionally by sCD40L pre-
sent in mouse and human IBD. Collectively, we present evidence
for B cells as early drivers of IBD pathogenesis.

RESULTS

Aberrant colonic humoral B cell response in Wipf1™~ mice
during intestinal inflammation

Wipf1™~ mice developed signs of intestinal inflammation as early
as 8 weeks of age, as apparent by a lengthening and thickening
of the colon, which resulted in an increased weight-to-length
ratio of the colon of Wipf1™~ mice compared to littermate con-
trols (Figs 1A and 1B). Furthermore, Wipf1™~ mice demonstrated
lymphadenopathy in colon draining mLN (colonic mLN, the first
and last node of the mLN chain'?) and enlarged spleens (Supple-
mentary Fig. TA). Characterizing hallmarks of intestinal inflamma-
tion in Wipf1™~ mice in detail, we found cell infiltration into the
mucosa and submucosa, concomitant with the appearance of
neutrophils and mast cells; a thickening of the muscularis interna
as well as irregular crypts with increased crypt length, crypt
abscesses and goblet cell loss, which resulted in a colitis score
with mild to moderate severity (Figs 1C-F, Supplementary
Table 1'°). In addition, we detected a tendency of increased rel-
ative mRNA expression of the pro-inflammatory cytokines inter-
leukin (IL)-6 and IL-17A in the inflamed colonic LP of Wipfl_/‘
mice (Supplementary Fig. 1B), concomitant with elevated secre-
tion of these cytokines into the supernatant of cultured intestinal
tissue pieces of Wipf1™~ mice (Supplementary Fig. 1C).
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To determine whether intestinal inflammation in Wipf1™~
mice resulted in microbial dysbiosis, we performed 16S riboso-
mal RNA sequencing on total bacteria isolated from cecal con-
tent. Strikingly, while younger (<9 weeks) Wipfi™~ mice
showed similar bacterial diversity compared to controls, we
observed a reduced alpha diversity (Shannon index) in older
(>11 weeks) Wipf1™~ mice compared to age-matched controls
(Supplementary Fig. 1D). Younger Wipf1™~ mice demonstrated
similar microbial composition compared to wild type (WT) con-
trols (Jaccard distance), whereas older Wipf1™~ mice differed sig-
nificantly (Supplementary Figs. 1E-l) and contained relatively
less Lachnospiracea and relatively more Lactobacillacea (Supple-
mentary Figs. 1G-I). Wipf1™~ mice hence demonstrated charac-
teristic features of colonic inflammation.

Next, to assess the recruitment and activation of immune cells
to the site of inflammation, we isolated lymphocytes from colonic
tissue and analyzed these cells for the protein expression of sev-
eral lineage- and activation-associated surface markers as well as
transcription factors using mass cytometry. Although ex vivo iso-
lated total cell numbers from colons of Wipfi™~ mice were
slightly decreased compared to WT controls (Supplementary
Fig. 1)), we found an overabundant population of innate immune
cells (monocytes/macrophages) as well as an increased popula-
tion of IgA PC in lymphocytes isolated from the colonic LP (Sup-
plementary Figs. 1TK—N). We next characterized CD4 T cell subsets
in the colonic LP of Wipf1™~ mice by re-clustering the mass cyto-
metric dataset (Fig. 1G-J). We found an increased population of
activated CD4 T cells expressing CD44 isolated from the colonic
LP of Wipf1™~ mice (about 70% CD44+ CD4 T cells) compared
to T cells isolated from WT colonic LP (about 30% CD44+ CD4 T
cells) (Fig. 11). Of these activated CD4 T cells, the frequency of
FoxP3 expressing, regulatory CD4 T cells were similar between
WT and Wipf1™~ mice (Fig. 1J). However, 45% of Wipf1™~ activate
CD4 T cells expressed the transcription factor IRF4 compared to
20% of WT CD4 T cells, indicating a TfH cell phenotype (Fig. 1J).
Concomitantly, using flow cytometry, we also found a 3-fold
increase in the frequency of germinal center (GC) B cells express-
ing GL-7 (T- and B-cell activation marker) and CD95 in lympho-
cytes isolated from the Wipf1™~ colonic LP compared to WT
controls (Figs 1K and 1L, Supplementary Fig. 2A), while ex vivo
isolated, colonic frequencies of CD19 B cells were similar (Supple-
mentary Fig. 2B). These results suggest an ongoing TD immune
response in inflamed colonic LP of Wipf1™~ mice.

To identify the location and environment of B and T cells infil-
trating the inflamed colonic LP in more detail, we used
immunofluorescence as well as immunohistochemistry of colo-
nic swiss rolls. We observed large B cell-containing ILFs in the
colon of Wipf1™~ mice that were rarely detected in littermate
controls (Figs 1TM-0). These follicles also contained T cells
(Fig. 10). Collectively, enhanced TfH cell numbers, GC B cell
responses, and lymphoid follicles in the inflamed colonic LP of
Wipf1™~ mice demonstrated an ongoing TD immune response.

TD immune responses will lead to CSR and differentiation of
B cells to PC. We indeed observed a significant increase in the
frequencies of IgA and IgG1 PC in the colon and mLN of
Wipf1™~ mice (Figs 1P and 1Q, Supplementary Figs. 2C and
2D) using flow cytometry. Analyzing intestinal antibodies, we
additionally found increased amounts of intestinal IgA, 1gG1,
and IgM antibodies using enzyme-linked immunosorbent assay
(ELISA) (Supplementary Figs. 2E and 2F).

LPS is prevalent in intestinal tissue and consequently, LPS
might be one driver of aberrant colonic humoral responses.

Mucosal Immunology (2024) 17:67-80
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Fig. 1 Aberrant colonic humoral B cell response in Wipf1™~ mice during intestinal inflammation. (A) Representative pictures of cecum and colon

isolated from 3 WT and 3 Wipf1™~ mice. (B) Length and weight of the colon was measured and weight to length ratio calculated (n = 8 per
genotype, pooled from 4 independent experiments, mean + SD) Statistical significance was calculated using student’s t test. (C) Representative
pictures of colonic sections of WT or Wipf1~~ mice stained for H&E <scale bar 200 pm>. (D) Arrows in zoom-ins of colonic sections as in Fig. 1A of
Wipf1™~ mice demonstrate crypt abscesses <scale bar 80 um>, mast cell infiltration <scale bar 40 um> and neutrophil infiltration <scale bar 60
um>. (E) Colonic crypt length measured from sections stained with H&E (total of three images, 20 crypts each, mean * SD). Statistical significance
was calculated using student’s t test. (F) Colonic inflammation in Wipf1~~ mice was scored according to Table $1'°. (G) Lymphocytes isolated from
colonic tissue of WT or Wipf1™~ mice were analyzed by mass cytometry (n = 5 per genotype, pooled from two independent experiments). UMAP
was used to depict CD45 and CD3 expressing T-cell population. FlowSOM-based immune cell populations are overlaid as color dimension. (H)
Mean population expression levels of T cell markers used for UMAP visualization and FlowSOM clustering. Frequencies of (l) activated CD4 T cells
and (J) IRF4+ T follicular helper or FoxP3+ regulatory T cells (n = 5 per genotype, pooled from two independent experiments). Statistical significance
was calculated using Mann-Whitney U-test. (K+L) Lymphocytes isolated from colonic tissue of WT or Wipf1~™~ mice were stained to determine
germinal center B cells (GC B cells; B220+GL7+CD95+). (K) Representative flow plots of GC B cells (L) Frequencies of GC B cells of total B cells from
colonic tissue (n > 6 per genotype, pooled from at least three independent experiments, mean + SEM). Statistical significance was calculated using
student’s t test. (M) B220 was stained in complete colonic swiss rolls (zoom-ins on the right, respectively). (N) Quantification of the total area of B220
determined using FlJI. Each dot represents one B cell follicle. Colonic swiss rolls of four animals per genotype were analyzed. Statistical significance
was calculated using student’s t test. (O) Immunohistochemistry of sections of colonic swiss rolls stained for B220. Zoom-ins of isolated lymphoid
follicles (ILFs) indicating B220 as well as CD3 staining. (P+Q) Lymphocytes isolated from colonic tissue were stained to determine PC using flow
cytometry (P) Representative flow plots of IgG1 or IgA expressing PC (Q) Frequencies of PC of total live cells from colonic tissue (n > 5 per genotype,
pooled from two independent experiments, mean + SEM) Statistical significance was calculated using Mann-Whitney U-test. *p < 0.05, **p < 0.01,
***p < 0.001, ¥****p < 0.0001, ns = not significant. CD = clusters of differentiation; H&E = hematoxylin and eosin; PC = plasma cells; Treg = regulatory
T cell; Wipf1™~ = Wiskott-Aldrich Syndrome interacting protein deficient; WT = wild type.
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Our previous work demonstrated that Wipf1™~ B cells are hyper-
proliferative toward LPS stimulation in vitro'’. We next treated
Wipf1™~ mice with antibiotics to reduce the microbiome at 6
weeks of age and thus before the onset of intestinal inflamma-
tion and before the microbial dysbiosis occurred (Supplemen-
tary Figs. 1D, 2G, and 2H). We found a reduced weight-to-
length ratio of the colon of treated Wipf1™~ mice compared to
littermate controls (Supplementary Fig. 2l). Furthermore, we
found diminished aberrant humoral immune responses, as mea-
sured by a slight reduction of colonic B cell infiltration as well as
GC and PC formation, resulting in significantly reduced intestinal
antibodies in the colonic tissue of Wipf1™~ mice (Supplementary
Figs. 2J-N). Together these data indeed point to a crucial role for
the microbiome in triggering inflammation and aberrant
humoral immune responses in Wipf1™~ mice.

Collectively, these findings suggest an aberrant colonic
humoral B cell response in Wipf1™~ mice, with enhanced infiltra-
tion of lymphocytes, GC responses, and TfH cell differentiation in
the colonic LP and an aberrant production of intestinal IgG1—all
features prevalent also in the inflamed intestinal tissue of
patients with IBD*>.

Wipf1™~ B cells boost pro-inflammatory cytokine secretion
by intestinal CD4 T cells

Activated CD4 T cells in the LP produce pro-inflammatory cytoki-
nes, such as granulocyte-macrophage colony-stimulating factor
(GM-CSF), IL-6, tumor necrosis factor-alpha (TNF-a), IL-17 and
IFN-g, which contribute to disease pathogenesis during intesti-
nal inflammation'®%°. Considering the increase of activated
CD44 expressing CD4 T cells in the LP of Wipf1™~ mice, we next
assessed the production of pro-inflammatory cytokines by intra-
cellular staining and flow cytometry of re-stimulated colonic CD4
T cells. We found an enhanced frequency of CD4 T cells produc-
ing GM-CSF, IFN-g, IL-17A, or IL-17F isolated from the inflamed
colonic LP of Wipfl1™”~ mice compared to littermate controls
(Figs. 2A-C, Supplementary Figs 3A-C). Similarly, we detected
enhanced frequencies of CD44" activated CD4 T cells (Supple-
mentary Fig. 3D) producing pro-inflammatory cytokines (Supple-
mentary Figs. 3E and 3F) in the intestinal draining mLN of
Wipf1™~ mice compared to their WT counterparts. Of note,
CD4 T cells coexpressing IFN-g and GM-CSF or IL-17A and IL-
17F were detectable in the colonic LP and mLN of Wipf1™~ mice
only (Figs. 2B and 2C, Supplementary Figs. 3B, 3C, 3E, and 3F).
Together these findings showed that CD4 T cells produce
colitis-associated inflammatory cytokines characteristic of the
pro-inflammatory T helper (TH)1/TH17 T cell subsets in the
inflamed colonic tissue of Wipf1™~ mice.

Given the substantial infiltration of B cells into the inflamed
colonic LP of Wipfl™™ mice, and the observed TD immune
response suggesting the interaction of B and T cells, we next
assessed the role of B cells in CD4 T cell cytokine production dur-
ing intestinal inflammation. For this, we depleted B cells of
Wipf1™~ mice at 6 and 8 weeks of age and hence before the
manifestation of colonic inflammation using an anti-CD20 anti-
body (Fig. 2D). B cell depletion did not affect the body weight
or the colonic weight-to-length ratio of Wipf1™”~ mice compared
to control mice (Supplementary Figs. 4A and 4B). B cells were
efficiently depleted in the spleen and mLN (Supplementary
Figs. 4C and 4D), which resulted in a 50% reduction of total lym-
phocyte numbers in mLN of Wipfl™”~ mice (Supplementary
Fig. 4E). We found incomplete depletion of B cells in PP, colon
as well as the peritoneal cavity (Supplementary Figs. 4C and

www.elsevier.com

4D). Anti-CD20 treatment of Wipf1™”~ mice led to a reduction
in IgA as well as IgG1 PC numbers in mLN (Supplementary
Fig. 4F). Concurrent with the reduced antibody-secreting cells
(ASCs), intestinal antibody levels in colonic mucus (Supplemen-
tary Fig. 4G) were reduced in anti-CD20 treated Wipf1™~ mice.
Due to the severely reduced survival of cells isolated from the
inflamed colonic tissue of Wipf1™~ mice at 10 weeks of age (less
than 10% living cells, Supplementary Fig. 4H), we restricted our
analyses to lymphocytes isolated from mLNs. Notably, B cell
depletion in Wipf1™~ mice did not influence the frequencies of
CD4 T cells isolated from mLN (Supplementary Fig. 4l) but led
to slightly but consistently reduced frequencies of activated
CD44* CD4 T cells as well as reduced intracellular IFN-g and IL-
17A staining (Figs. 2E-G, Supplementary Fig. 4J) in CD4 T cells
isolated from mLN. Thus, B cell depletion during the onset of
intestinal inflammation reduced CD4 T cell activation and cyto-
kine production.

To establish whether the absence of WIP exclusively in B cells
has an effect on pro-inflammatory cytokine production of colo-
nic T cells, we next generated mixed-BM chimeric mice by adop-
tively transferring 80% BM from either WT or Wipf1™~ mice and
20% BM from mice that lack B cells (JHT mice) into lethally irra-
diated Rag1™" recipients (Fig. 2H). In this setting, all newly gen-
erated B cells will be Wipfl™~ in an environment containing
mainly WT cells. Ten weeks after adoptive transfer, B cells have
repopulated the colonic tissue with a slight reduction in B cells
(Supplementary Fig. 4K) as well as IgA PC frequencies (Supple-
mentary Fig. 4L) in JHT-Wipf1™~ chimeric mice compared to
controls. Nevertheless, we found increased IgA antibody levels
in the mucus in JHT-Wipf1™~ chimeric mice compared to con-
trols (Supplementary Fig. 4M). Strikingly, we detected a pro-
nounced increased frequency of activated CD44" CD4 T cells
(Supplementary Fig. 4N) concomitant with enhanced pro-
inflammatory cytokine production of CD4 T cells (GM-CSF, IFN-
g, IL-17A and IL-17F) isolated from the LP of the inflamed colon
of JHT-Wipf1 ~~ chimeric mice (Figs 21 and 2J).

Collectively, our data provided evidence that Wipf1™~ B cells
directly promote pro-inflammatory cytokine production of CD4 T
cells, thus likely enhancing intestinal inflammation.

Wipf1~~ B cells are sufficient to enhance pro-inflammatory
cytokine production in WT CD4 T cells in a T cell transfer
colitis model

To address the influence of B cells on CD4 T cell cytokine pro-
duction in an acute model of colitis in which only B cells lack
WIP, we made use of a T-cell transfer colitis model. In this model,
the transfer of naive CD4"CD45RB"9" WT T cells in the absence
of T regulatory cells generates large numbers of disease-
promoting TH1 and TH17 cells®*'. We cotransferred purified B
cells isolated from mLN of WT or Wipf1™~ mice together with
naive WT T cells into Rag1™" recipients and analyzed lympho-
cyte populations isolated from colonic tissue or mLN 8 weeks
after transfer (Fig. 3A). Weekly scoring of the mice showed a
weight gain of Rag1™" recipients which received WT B cells as
compared to no B cell transfer, which was reduced if Wipf1™~
B cells were transferred (Fig. 3B). Interestingly, transfer of
Wipf1™~ B cells led to enhanced colonic weight-to-length ratio
concomitant with increased total cell numbers isolated from
mLN or colonic tissue of Rag1™" recipients, compared to con-
trols (Figs 3C and 3D). We noticed that most of the transferred
B cells differentiated into IgA ASCs, with only a modest reduction
in total cell numbers and frequencies of IRF4* IgA™ CD19""

Mucosal Immunology (2024) 17:67-80
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Fig. 2 Wipf1™~ B cells boost pro-inflammatory cytokine secretion by intestinal CD4 T cells. (A) Schematic indicating the time-point of analysis
of cytokine production of CD4 T cells isolated from colonic tissue of WT or Wipf1~~ mice. (B+C, E-G, I+J) Lymphocytes were isolated from (B+C,
I+J) colonic tissue or (E=G) mLN of (B+C) WT or Wipf1™~ mice, (E-G) Wipf1™~ mice treated with either isotype control antibody or anti-CD20
antibody to deplete B cells, or (I+J) JHT-WT or JHT-Wipf1~"~ mixed BM chimeric mice and stimulated with Brefeldin A and PMA/lonomycin for 4
hours. (B, E, I) Representative flow plots of CD4 T cells intracellularly expressing indicated cytokines. Gating strategy is shown in Fig. S2A. (C, F,
J) Frequencies of intracellular staining of indicated cytokines of CD4 T cells after in vitro re-stimulation gated as shown in Fig. S2A. (D)
Experimental setup of B cell depletion in Wipf1~~ mice. (G) Frequencies of CD44+ CD4 T cells. (H) Experimental setup of the generation of JHT-
WT or JHT-Wipf1™~ mixed bone-marrow (BM) chimeric mice. (A-J) n > 6 mice per genotype, pooled from two to three independent
experiments. Statistical significance was calculated using student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. BM = bone
marrow; CD = clusters of differentiation; Iy = immunoglobulin; ns = not significant; PMA = Phorbol myristate acetate; Wipf1~~ = Wiskott-

Aldrich Syndrome interacting protein deficient; WT = wild type.

Wipf1™~ cells isolated from colonic tissue (Figs 3E-G, Supple-
mentary Figs. 5A-C). This decrease was reflected in reduced
levels of IgA antibodies detected in the mucus of recipients
who received Wipf1™~ B cell (Supplementary Fig. 5D). Interest-
ingly, in Wipf1™~ B cell cotransferred recipients, numbers, and
frequencies of total CD4 T cells as well as activated CD44*
CD4 T cells were slightly increased in cells isolated from the
mLN and colon (Supplementary Figs. 5E-H). Strikingly, CD4 T
cells isolated from mLN of Wipfl”~ B cell transferred mice
demonstrated significantly enhanced numbers and a modest
increase in  frequencies of pro-inflammatory cytokine-
expressing cells (Figs 3H and 3l, Supplementary Figs. 51 and
5J). This was less apparent in CD4 T cells isolated from colonic
tissue, most likely due to the strong acute inflammation in the
colonic LP of all recipient mice (Supplementary Figs. 5K-M).
Together, these results again reinforce a role for Wipf1™~ B cells
in fueling intestinal inflammation through CD4 T-cell activation.

Mucosal Immunology (2024) 17:67-80

B cell-mediated costimulation via CD86 enhances CD4 T cell
pro-inflammatory cytokine production

To get a better insight into how Wipf1™~ B cells promote CD4 T
cell cytokine production, we used an in vitro mixed-lymphocyte
reaction to activate T cells by means of MHC-II mismatch. We
stimulated purified mLN B cells from WT or Wipf1™~ BALB/c mice
with LPS and cultured them with naive, splenic CD4 T cells iso-
lated from C57BL/6 mice (Fig. 4A). As both, B and T cells can con-
tribute to cytokine secretion in these cocultures, we measured
total cytokines in the culture supernatant using ELISA. We found
GM-CSF and IFN-g the most prevalent cytokines secreted into
the supernatants of those cocultures (Fig. 4B). B cells contributed
to IL-6 and IL-10 cytokine levels in the culture supernatant (Sup-
plementary Fig. 6A). Concomitant with our previous finding that
Wipf1”~ B cells are hyper-proliferative to LPS stimulation
in vitro'”, Wipf1™~ B cells were more efficient in secreting those
cytokines compared to WT B cells (Supplementary Fig. 6A).
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Fig. 3 Wipf1™~ B cells are sufficient to enhance pro-inflammatory cytokine production in WT CD4 T cells in a T cell transfer colitis model. (A)
Experimental setup of the adoptive transfer of naive T cells together with WT or Wipf1™~ B cells into Rag1™" recipients to induce colitis. (B)
Body weights shown as percentage of starting weight. (C) Length and weight of the colon was measured and weight to length ratio
calculated. Statistical significance was calculated using Mann-Whitney U-test. (D) Total cell numbers isolated from mLNs or colonic tissue. (E)
Representative flow plots of B cells (CD19+) and IgA PC (IgA+,CD19low) isolated from mLNSs. (F) Total numbers of B cells isolated from mLNs.
(G) Total numbers of IgA+ PC isolated from mLNs or colonic tissue. (H+l) Lymphocytes were isolated from mLNs and stimulated with Brefeldin
A and PMA/lonomycin for 4 hours. (H) UMAP was used to depict cytokine producing CD4 T cells. Manually gated CD4 T cells expressing
indicated cytokines are overlaid as color dimension. (I) Total cell numbers of CD4 T cells isolated from mLN expressing indicated cytokines
intracellularly after in vitro re-stimulation. (A—I) n > 5 per genotype, pooled from three independent experiments (all mean +/- SEM). Statistical
significance was calculated using ordinary one-way analysis of variance with Tukey’s multiple comparison test, or tow-way analysis of variance
with Sidak’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CD = clusters of differentiation; lg = immunoglobulin;
ns = not significant; PC = plasma cells; Wipf1~~ = Wiskott-Aldrich Syndrome interacting protein deficient; WT = wild type.

Importantly, the concentration of both, GM-CSF and IFN-g, but which is further increased by the presence of T cells (Figs 4D and
also TNF-q, IL-6, and IL-10 were significantly increased in the 4E, Supplementary Figs. 6C and 6D). Enhanced surface expres-
coculture supernatants of WT T/Wipf1™”~ B cells compared to sion of CD86 is intrinsic to Wipf1™~ B cells as Wipf1~~ B cells iso-
supernatants of WT T/WT B cell cocultures (Fig. 4B). This was lated from JHT-Wipf1~~ chimeric mice demonstrated enhanced
not due to an increase in cell numbers of Wipf1™~ B cells, as fre- CD86 expression compared to JHT-WT B cells in the presence of
quencies were comparable to WT B cells at days 2 and 5 of the T cells after LPS stimulation (Supplementary Fig. 6E). In contrast
coculture (Supplementary Fig. 6B), likely due to the previously to CD86 surface expression levels, CD80, CD40 and MHC-II

reported diminished survival of Wipf1™~ B cells'’. Thus, the pres- expression levels were similar between WT and Wipf1™~ B cells
ence of Wipf1”~ B cells enhanced the secretion of GM-CSF as at day 2 after LPS stimulation in the presence or absence of T
well as IFN-g of WT CD4 T cells in vitro as well as in vivo. cells (Supplementary Figs. 6F-K). Of note, the expression level

B cells interact with T cells by means of costimulatory mole- of CD86 was boosted further on WT and Wipf1™~ B cells by

cules such as CD86/CD80 engaging CD28 or CD40 engaging the combined stimulation with CD40L and LPS (Fig. 4F). Further-
CD40L (Fig. 4C). We found that, compared to WT B cells, more, Wipf1™~ B cells are also hyper-proliferative to CD40L stim-
Wipf1™~ B cells expressed higher levels of CD86 on their surface, ulation in vitro'’, and CD4 T cells provide this costimulatory
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Fig. 4 B cell mediated costimulation via CD86 enhances CD4 T cell cytokine production. (A) Experimental setup of the mixed-lymphocyte
reaction. (B) Indicated cytokines secreted into the coculture supernatants were analyzed using a multiplex assay. (C) Schematic indicating
herein analyzed surface molecules involved in B/T interactions. (D+E) Flow cytometry analysis of CD86 expression on mLN WT or Wipf1~~ B
cells stimulated with LPS for 48 hours in the presence of T cells. (D) Representative histogram overlay. (E) CD86 expression quantified by
analyzing the gMFI. (F) Flow cytometry analysis of CD86 expression on B cells stimulated for 48 hours with LPS, CD40L or both and quantified
by analyzing the gMFL. (G+H) Frequencies of (G) GM-CSF or (H) IFN-y expressing CD4 T cells stimulated with Brefeldin A for 4 hours, stained and
analyzed by flow cytometry at day 5 of coculture. n > 4 mice per genotype (except CD40L alone n = 2), pooled from multiple experiments.
Statistical significance was calculated using student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001. CD = clusters of differentiation;

GM-CSF = granulocyte-macrophage colony-stimulating factor; gMFI = geometric mean fluorescence intensity; Ig = immunoglobulin;

INF = interferon; ns = not significant; PC = plasma cells; Wipf1~~

signal to B cells, thus likely and further enhancing CD86
expression.

Next, we sought to determine the role of CD86 in CD4 T cell
cytokine production. Coculturing WT CD4 T with Wipf1™~ B cells
not only enhanced cytokine secretion into the culture super-
natant (Fig. 4B, Supplementary Figs. 6L and 6M), but also ele-
vated the frequencies of cytokine-producing CD4 T cells as
measured by intracellular flow cytometry (Figs 4G and 4H, Sup-
plementary Fig. 60). Blocking B/T interaction by anti-CD86 anti-
bodies reduced the frequencies of cytokine-producing CD4 T
cells as well as secreted GM-CSF and IFN-g (Figs 4G and 4H, Sup-
plementary Figs. 6L and 6M), but did not influence B cell survival
(Supplementary Fig. 6N). CD80/CD86 costimulatory signals can
be inhibited by binding of abatacept®”. Abatacept is a recombi-
nant fusion protein of the cytotoxic T lymphocyte antigen-4
(CTLA-4) with the Fc portion of human IgG1 (CTLA-4-lg). Con-
comitant with the enhanced expression of CD86 48 hours after
LPS stimulation in vitro (Figs 4D and 4E), staining of Wipf1”~ B
cells with CTLA-4-lg demonstrated enhanced binding compared
to WT B cells (Supplementary Figs. 6P and 6Q) using flow cytom-
etry. We next tested if CTLA-4-lg treatment also inhibited naive
CD4 T-cell costimulation by binding to CD80/CD86 and thus lim-
ited CD4 T cell cytokine production using our in vitro assay. We
stimulated WT B cells together with naive CD4 T cells in the pres-
ence or absence of anti-CD86 blocking antibodies or CTLA-4-Ig.
Addition of CTLA-4-Ig to the cocultures indeed reduced the fre-

Mucosal Immunology (2024) 17:67-80

= Wiskott-Aldrich Syndrome interacting protein deficient; WT = wild type.

quencies of IFN-g-producing CD4 T cells similar to adding anti-
CD86 antibodies (Supplementary Fig. 6R). These results demon-
strated that costimulatory signals via CD80/CD86 can efficiently
be blocked in vitro by adding CTLA-4-Ig.

Collectively, our findings suggest that B cell-derived costimu-
lation of CD4 T cells via CD86 promotes pro-inflammatory cyto-
kine production of CD4 T cells. Furthermore, cell-intrinsic hyper-
reactivity of Wipf1™~ B cells toward LPS stimulation enhances
CD86 expression and hence the costimulatory capacity of
Wipfi”~ B cells, thereby exacerbating CD4 T cell pro-
inflammatory cytokine production.

CTLA-4-Ig treatment is effective in reducing aberrant
intestinal humoral immune responses and inflammation
Abatacept is approved for the treatment of rheumatoid arthritis
(RA) patients, in which it diminishes plasmablasts and serum
IgG*%. To answer the question if CTLA-4-lg could be effective
in reducing aberrant humoral B cell responses and CD4 T cell
cytokines in vivo, we first determined the expression of CD86
on B cells isolated from colonic tissue. Consistent with our
in vitro data, we also observed a higher expression of CD86,
but not CD80, on colonic Wipf1™~ B cells compared to WT B cells
ex vivo (Figs 5A and 5B). The expression of both, CD86 and CD80,
was similar or even reduced on monocytes isolated from colonic
tissue of Wipf1™~ compared cells isolated from WT mice (Supple-
mentary Fig. 7A), indicating that CD86 upregulation was specific
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Fig. 5 CTLA-4-Ig treatment is effective in reducing aberrant intestinal humoral immune responses and inflammation. (A) Flow cytometry
analysis of CD86 expression on ex vivo isolated colonic B cells of WT or Wipf1™~ mice. (B) CD86 and CD80 expression of B cells quantified by
analyzing the gMFI. n > 5 mice per genotype. (C) Length and weight of the colon was measured and weight to length ratio calculated of
Wipf1™~ mice treated with CTLA-4-lg or IgG-Fc control compared to untreated WT mice. (D) Flow cytometry analysis of CD86 expression on
ex vivo isolated colonic B cells of indicated mice. (E) CD86 expression quantified by analyzing the geometric mean fluorescence intensity
(gMFI) in B cells from indicated mice isolated from mLN or colonic tissue. (F) Representative flow plots of GC B cells isolated from mLN of
indicated mice. (G) Frequencies of GC B cells of total B cells from mLN or colonic tissue. (H) Frequencies of PC of total live cells isolated mLN or
colonic tissue of indicated mice. (I) CD4 T cells isolated from mLN of WT or Wipf1™~ mice treated with either CTLA-4-Ig or IgG-Fc control were
stimulated with Brefeldin A and PMA/lonomycin for 4 hours. Representative flow plots of CD4 T cells intracellularly expressing indicated
cytokines. (J) Frequencies of CD44+ CD4 T cells. (K) Frequencies of intracellular staining of indicated cytokines of CD4 T cells after in vitro re-
stimulation (n = 4 per genotype, mean + SEM). Statistical significance was calculated using ordinary one-way or two-way analysis of variance
with Tukey’s multiple comparison test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CD = clusters of differentiation; CTLA-4 = cytotoxic T
lymphocyte antigen-4; GC = germinal center; gMFI = geometric mean fluorescence intensity; Ig = immunoglobulin; mLN = mesenteric lymph
nodes; ns = not significant; PC = plasma cells; Wipf1™~ = Wiskott-Aldrich Syndrome interacting protein deficient; WT = wild type.

to Wipf1~~ B cells. We next treated Wipf1™~ mice with CTLA-4-Ig 5D and 5E, Supplementary Fig. 7E). Analyzing TD immune
or control IgG-Fc twice at disease onset and compared these responses in the mLN and colon, we detected substantially
mice with untreated WT littermate controls (Supplementary decreased frequencies of GC B cells (Figs 5F and 5G, Supplemen-
Fig. 7B). Interestingly, although CTLA-4-Ig or control IgG-Fc trea- tary Fig. 7F), concomitant with reduced CSR and differentiation
ted mice gained similar weight (Supplementary Fig. 7C), the of B cells to IgG1 expressing plasmablasts and PC (Fig. 5H, Sup-
colon weight-to-length ratio was reduced 4 weeks after the first plementary Figs 7G and 7H) in CTLA-4-Ig treated Wipf1™~ mice
treatment (Fig. 5C). We again noticed a severely reduced survival compared to IgG-Fc treated mice and comparable to WT litter-
of cells isolated from the inflamed colonic tissue of Wipf1™~ mice mate controls. Additionally, CTLA-4-Ig treatment significantly
at 10 weeks of age, which was greatly enhanced after CTLA-4-Ig reduced frequencies of activated, CD44 expressing as well as
treatment, hinting at lowered intestinal inflammation (Supple- IFN-g producing CD4 T cells in the mLN of Wipfl™~ mice
mentary Fig. 7D). Furthermore, CTLA-4-lg treatment significantly (Fig. 5 I-K). Together, these results indicate that CTLA-4-Ig treat-
reduced CD86 expression on B cells isolated from the colon or ment at the onset of disease is effective in reducing aberrant
mLN of Wipf1™~ mice compared to IgG-Fc treated mice (Figs intestinal humoral immune responses and inflammation.
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B cells in inflamed intestinal tissue of patients with IBD
express elevated CD86
LPS is prevalent in the gut and inflammation enhances the dis-
semination of bacteria into the surrounding tissue. Our in vitro
data showed that WT B cells in the presence of LPS enhance
CD86 expression and thus have enhanced costimulatory proper-
ties (Fig. 4E). Blocking of CD86 using anti-CD86 antibodies or
CTLA-4-Ig reduced CD4 T cell cytokine production in cocultures
with WT B cells in vitro (Supplementary Fig. 6R). We hypothe-
sized that in an inflamed environment such as during IBD, acti-
vated B cells might enhance surface CD86 expression and thus
CD4 T-cell costimulation. Interestingly, concomitant with pro-
nounced B cell infiltration mainly into large ILF-like structures
(Figs 6A and 6B, Supplementary Figs. 8A and 8B), CD86 is among
the top 100 significantly upregulated genes in GC and follicular
B cells in two single-cell RNA sequencing (scRNA-seq) analysis of
differentially expressed genes in colonic biopsies of inflamed
patients with UC compared to healthy tissue (Fig. 6C, Supple-
mentary Figs. 8C-G and>?**). Importantly, we also found CD86
to be increased on B cells isolated from inflamed tissue of
patients with IBD compared to B cells isolated from non-
involved tissue analyzed on protein level by flow cytometry (Figs
6D and 6E). Hence CD86 expression on B cells might push
inflammatory cytokine production in CD4 T cells also in patients
with IBD. Our in vitro data implied a role for CD40 stimulation by
CDA40L in boosting CD86 expression on B cells. We indeed found
sCD40L to be elevated in both, sera of Wipfl‘/‘ mice as well as
patients with IBD compared to controls (Figs 6F and 6G).
Collectively the data presented here suggest that upregula-
tion of the costimulatory molecule CD86 plays a crucial role in
B/T interaction in inflamed colonic tissue, thereby enhancing
aberrant humoral immunity, and priming pro-inflammatory
cytokine production in CD4 T cells. Enhanced expression of
CD86 on B cells could be boosted by the presence of soluble
CD40L in our mouse model of chronic colitis but also in human
patients with IBD.

DISCUSSION
Perturbations in humoral immunity have been described during
IBD, including the accumulation of intestinal B cells, an IBD-
specific subset of TfH cells, and IgG PC in mucosal tissue>.
Despite evidence for a potential implication of B cells in the
pathology of IBD, the potential detrimental or beneficial role
of B cells in IBD pathology remained incompletely understood.
We here provide evidence for the detrimental role of B cells dur-
ing the onset of intestinal inflammation. We identified CD86
expression on activated B cells as crucial factor exacerbating
pro-inflammatory cytokine production (especially IFN-g and
GM-CSF) of CD4 T cells. Depleting B cells or blocking costimula-
tory signals mediated by CD86 through CTLA-4-Ig treatment
diminished intestinal inflammation in our mouse model of IBD
at the onset of disease. We further found CD86 mRNA and pro-
tein expression also upregulated in human patients with IBD and
hence provide a possible explanation for the observed aberrant
humoral immune response signatures during human IBD*~,
Investigating Wipf1™~ mice, we found that changes in the
fecal microbiome correlated with the onset of disease. While
younger Wipf1™~ mice demonstrated bacterial diversity similar
to that of WT mice, only 2 weeks older Wipf1™~ mice demon-
strated a reduced microbial diversity characteristic for intestinal
inflammation. We found relatively reduced levels of Lach-
nospiraceae, similar to what has been described in CD patients®”.

Mucosal Immunology (2024) 17:67-80
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Lachnospiraceae are known to provide short-chain fatty acids,
microbial metabolites, which enhance the differentiation of reg-
ulatory B and T cells***’. Antibiotic treatment of young Wipf1~~
mice diminished the formation of GC and reduced CD4 T-cell
activation and IFN-g production. In our study, we cannot resolve
the question if an early intestinal barrier breach or the hyper-
reactivity of Wipf1™~ B cells toward the commensal microbiome
is the cause or consequence of microbial dysbiosis and intestinal
inflammation. Additionally, the absence of regulatory mono-
cytes as demonstrated in WASp-deficient mice?® might also play
a role in dysbiosis and intestinal inflammation in Wipf1™~ mice.
Future studies should aim to investigate the relationship
between aberrant intestinal antibody production on monocyte
activation and its role during intestinal inflammation in more
detail.

We previously used Wipf1™~ mice to investigate the role of
the actin cytoskeleton in B cell activation during WAS. Our work
demonstrated that WIP functions as a regulator of CD19 activa-
tion and phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt)
signaling in B cells'’. Wipfi™~ B cells are hyper-proliferative
toward LPS and CD40L stimulation'” and we here showed that
both stimuli enhanced CD86 expression in vitro. Furthermore,
we found that CD4 T cell pro-inflammatory cytokine production,
especially GM-CSF and IFN-g, requires CD86 expression on B
cells and is proportional to the amount of CD86 expressed.
Recent data demonstrated that B cells from lupus-prone mice
used CD86 expression together with IL-6 secretion to expand
inflammatory TH17 cells in vitro®. Our in vitro and in vivo data
rather indicate the expansion of IFN-g and GM-CSF-producing
TH1-like cells. In addition, Wipfl‘/‘ B cells demonstrated
enhanced secretion of IL-6 into the culture supernatant after
LPS stimulation in vitro, the potential role for B cell-derived IL-
6 in the polarization of CD4 T cells warrants further investigation.

Our recent data demonstrated that WIP deficiency resulted in
defects in B cell homing, chemotaxis, survival, and differentia-
tion, ultimately leading to diminished GC formation and anti-
body production after vaccination'’. At the same time, Wipf1™
~ mice demonstrate features of autoimmunity, such as autoanti-
body production or the spontaneous formation of GC. Similarly,
B cell-intrinsic deletion of WASp in mice is sufficient to result in
autoantibody production and the induction of spontaneous GC
formation®*>?. B cell-dependent spontaneous GC formation
concomitant with autoantibody production in spleen and lymph
nodes have been linked toTLR7 and MyD88 signaling®®** as well
as B cell-intrinsic IFN-g signaling or IL-6 secretion®"*>. WASp
deletion specifically in GC B cells reduces apoptosis, leading to
tolerance loss and the development of autoimmunity>°.

Despite our initial observation of impaired homing of Wipf1
~ B cells into the spleen'’, we detected efficient homing of
Wipf1™~ B cells to intestinal-associated tissues (mLN, PP, colonic
tissue) using mixed-BM chimeras (own preliminary data). These
findings together with the reduction of aberrant humoral
immune responses after antibiotics treatment suggest that hom-
ing of Wipf1—/— B cells might be influenced by additional stim-
ulatory cues (such as LPS, chemokines) present in the intestine.
In this line, during intestinal inflammation, we found a substan-
tial increase in B cell-containing follicles in the inflamed colonic
LP in Wipf1™~ mice. Enhanced GC formation as well as the pres-
ence of IgG1 ASC indicated an ongoing TD immune response. It
is tempting to speculate that the ongoing immune response in
the intestine, especially during inflammation, might trigger tol-
erance loss in hyper-reactive Wipf1™~ B cells, eventually leading
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Fig. 6 B cells in inflamed intestinal tissue of IBD patients express elevated CD86. (A) Immunofluorescent microscopy of representative tissue
sections of colonic tissue pieces of non-IBD patients or non-involved or inflamed tissue of UC patients stained for IgA plasma cells, CD3 T cells,
CD20 B cells and HLA-DR <scale bars in pm>. (B) Automatically quantified follicle area/tissue size and CD20+ cells/mm? in
immunohistochemical stainings of patient tissue sections and control tissue. (C) scRNA-seq analysis demonstrates significant upregulation
of CD86 in colonic biopsies of inflamed UC patients compared to healthy tissue (data extracted from33). (D+E) Flow cytometry analysis of CD86
expression on ex vivo isolated CD20 expressing B cells isolated from non-involved and inflamed intestinal tissue of IBD patients (E) CD86
expression shown as gMFI. (F+G) sCD40L detected in sera of (F) WT or Wipf1™~ mice (n > 10 mice per genotype) or (G) HD or IBD patients
(n > 10 sera per group). Statistical significance was calculated using (B) ordinary one-way analysis of variance with Tukey's multiple
comparison test, (E) paired student’s t test or (F+G) student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CD = clusters of

differentiation; HD = healthy donor; IDB = inflammatory bowel disease; HLA = human leukocyte antigen; gMFI = geometric mean fluorescence

intensity; ns = not significant; scRNA-seq = singe-cell RNA sequencing UC = ulcerative colitis; Wipf1

protein deficient; WT = wild type.

to systemic autoimmunity. Studies are underway to address this
question.

Recent studies demonstrated that deleting CD80/CD86 on B
cells abrogated spontaneous, splenic GCs in a mouse model of
systemic lupus erythematosus (SLE), leading to reduced serum
autoantibodies®’. Here, we investigated whether using a CTLA-
4-g as a treatment approach for intestinal inflammation in
Wipf1™~ mice would have a similar effect. CTLA-4 is mainly
expressed on activated and regulatory T cells and binds with
high affinity to CD80/CD86 on antigen presenting cells, thereby
preventing T cell costimulation. Recent data demonstrated that
CD80/CD86 expression on B cells can be decreased by CTLA-4-Ig
in vitro. In vivo, abatacept treatment of RA patients resulted in a
sustained reduction of plasmablasts and serum IgG*%. We here
showed that blocking costimulatory signals through CTLA-4-Ig
not only diminished aberrant humoral immune responses such
as GC formation and the differentiation of IgG1-secreting intesti-
nal ASCs but also inhibited the activation and priming of pro-
inflammatory CD4 T cells. CTLA-4-Ig treatment reduced expres-
sion levels of CD86 on the surface of B cells isolated from mLN
or colonic tissue. This could either be a direct effect through
CTLA-4-lg mediated downregulation as has been shown on

www.elsevier.com

~~ = Wiskott-Aldrich Syndrome interacting

human B cell line in vitro*® or an indirect effect through
decreased interaction with CD40L-providing CD4 T cells.
Interestingly, recently published scRNA-seq data comparing
lymphocytes isolated from inflamed tissue biopsies of patients
with UC to tissue biopsies of HD found a significant increase
of CD86 mRNA in GC and follicular B cells**. In addition to B cell
infiltration, we found CD86 protein levels also enhanced on B
cells isolated from inflamed intestinal tissue of patients with
IBD. Our data showed that CD86 is upregulated also on mouse
WT B cells after LPS stimulation in vitro and was further
enhanced by the presence of CD40L. CD40L is directly supplied
by CD4 T cells during B/T interaction and promotes CSR to IgG. In
vivo, we found elevated levels of sCD40L in the sera of Wipf1™~
mice as well as patients with IBD. Platelets have been described
to express high levels of sCD40L in patients with WAS*® and
IBD*?, which correlated with the presence of autoantibodies as
well as aberrant intestinal IgG production. sCD40L might locally
elevate CD86 costimulation of B cells, thereby boosting aberrant
B cell activation and CD4 T cell cytokine production. Thus, our
data suggests that, in addition to the genetic predisposition
for hyper-activation of B cells (such as in Wipf1™~ mice), the gen-
eral inflammatory milieu (microbial components, sCD40L) pre-
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sent during intestinal inflammation might trigger enhanced
expression of the costimulatory molecule CD86 on activated B
cells. Increased costimulation might then promote pro-
inflammatory cytokine production of T cells. It was hypothesized
that a UC-specific IFN-g expressing TfH cell subset could pro-
mote IgG CSR in active UC. Albeit in a setting of genetically pre-
disposed autoimmunity, our data provides a possible
explanation for these observations, demonstrating that acti-
vated B cells directly induce IFN-g production by intestinal
CD4 T cells and pointing at a crucial role for B/T interaction dur-
ing intestinal inflammation. Although the level of B cell activa-
tion, the expression of costimulatory molecules (such as CD86),
and their capacity of CD4 T-cell activation might vary consider-
ably depending on the timepoint and the form of polygenic
human IBD, our data points to a possible contribution of B cells
to IBD pathology.

IBD therapy includes monoclonal antibody treatment against
TNF-a and steroids; however, not all patients are responsive to
these therapies. A small study analyzing B cell depletion in UC
using rituximab has shown a possible short-term effect of muco-
sal healing which was not sustained’. However, rituximab treat-
ment was well tolerated with no adverse effects in patients with
UC. Rituximab treatment does not deplete gut-resident PC,
which might provide one explanation for the lack of efficacy™.
Likewise, abatacept treatment did not ameliorate symptoms in
a small cohort of patients with CD or UC*'. Our data suggests
that depleting B cells or inhibiting costimulatory CD86 on B cells
before the manifestation of disease and hence before the estab-
lishment of aberrant GC formation and IgG1 secreting ASC in
intestinal tissues has the potential to put a (temporary) break
on the vicious circle of intestinal inflammation. However,
whether the initial B cell depletion in our mouse model of
intestinal inflammation is sufficient or repetitive treatment is
necessary remains to be determined. In this line, a recent study
investigating B cell depletion in the pre-phase of a mouse model
of SLE demonstrated that resetting the humoral immune system
during the clinically unapparent phase alters immune homeosta-
sis at later time points and delays systemic autoimmunity®.
Defining reliable early biomarkers for IBD onset will be crucial
for pre-disease treatment. Furthermore, recent data implicated
that B cell accumulation during intestinal inflammation prevents
the interaction between intestinal epithelial cells and stroma
cells and delays mucosal healing™. Thus, B cell depletion in com-
bination with other therapeutic interventions might also be ben-
eficial to improve mucosal healing and achieve remission.
Overall, our data suggests that the modulation of B cells during
intestinal inflammatory diseases might add to the therapeutic
options for the treatment of IBD.

METHODS

Mice

Wipf1™~ mice** were a kind gift from Raif Geha (Boston’s Chil-
dren Hospital, Boston, MA, USA), BALB/c WT, RAG1~~, C57BL/6
WT mice were bought from Charles River and bred at the Speci-
fic Opportunist Pathogen Free animal facility at the TranslaTUM.
Igh-J™"P"Y mice (BALB/c JHT) mice were bought from Taconic
Europe (Bomholtvej, Denmark). Female age-matched mice aged
612 weeks were used for all experiments. Littermate controls as
well as cohoused mice were used whenever possible. All cages
contained enrichment (houses, cotton rolls, wooden sticks) to
reduce stress. For mixed-BM chimeras, 8-9 weeks old RAG1™~
recipients were irradiated with 2 x 4 Gy and injected intra-
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venously the day after with a mixture of 80% BALB/c JHT with
20% WT or Wipfl”~ BM (4 x 10° BM cells in total). Re-
population was determined, and chimeras were used 8-10
weeks after injection. B cells were depleted from Wipf1™~ mice
by i.p. administration of 250 ug/ml anti-CD20 (SA271G2, BioLe-
gend, San Diego, CA, USA) or rat IgG2b, k Isotype control
(RTK4530, BioLegend) at 6 weeks and 8 weeks of age, end anal-
ysis was performed at 10 weeks of age. To diminish CD86 cos-
timulation, mice were treated with 25 mg/kg body weight of
either CTLA-4-Ig (human/human, BE0099, Biozol, Eching, Ger-
many) or human Fc-G1 (BE0096, Biozol). To induce colitis in
RAG1™~ recipients, 5 x 10° sorted naive CD4 T cells (CD19°CD4*-
CD25CD45RB™) were injected alone or in combination with
MACS purified (purity more than 97%) 3 x 10° WT or Wipf1™~
B cells. Mice were monitored for weight loss and end analysis
was performed 8 weeks post injection. Antibiotic treatment
experiments were carried out on 6-week-old Wipf1—/— mice.
Mice were given drinking water containing either 1% Glucose
or 1% Glucose + Neomycinsulfat (1000 mg/g 2400515, bela-
pharm) + Ampicillin-Trihydrat (1000 mg/g 1500561, bela-
pharm) for 4 weeks and analyzed at 10 weeks of age. All mouse
experiments were performed in accordance with the guidelines
of the Federation of European Laboratory Animal Science Asso-
ciation and followed the legal approval of the Government of
Upper Bavaria (Regierung von Oberbayern), Germany.

16s RNA sequencing

Fecal samples were collected from the cecum of non-cohoused
WT and Wipf1~~ littermates. Total DNA from feces was isolated
using the QiaAmp PowerFecal Pro DNA Kit on the QlAcube Con-
nect device (Qiagen, Germantown, MD, USA). For 16S metage-
nomic analysis, variable regions V3 to V4 of the bacterial 16S
ribosomal RNA gene were amplified by limited cycle polymerase
chain reaction (PCR) and subjected to the lllumina 16S metage-
nomic sequencing library preparation workflow according to the
manufacturer’'s recommendations (lllumina Inc., San Diego, CA,
USA). The obtained DNA libraries were quantified, normalized,
and pooled. After DNA library denaturation, samples were
sequenced using MiSeq v3 sequencing chemistry with paired-
end 300 bp reads on the lllumina MiSeq sequencer. Bioinfor-
matic  analysis  (demultiplexing,  primer/adapter/barcode
removal, quality trimming, deficiency of adenosine deaminase
2 amplicon, classification, and composition analysis) was per-
formed using the Qiime2 package®. Taxonomic classification
was assigned by a native Bayes classifier trained on SILVA Data-
base Rel. 132. Data visualization through 3D PCoA plots was per-
formed using the Emperor tool. The Jaccard coefficient was
calculated as a measure of the similarity of the gut microbiome
composition (beta diversity) between WT and Wipfl‘/‘ mice.
Microbiome sequencing data were deposited in the European
Nucleotide Archive under Project accession: PRIEB55760.

Quantitative PCR

Total RNA was extracted using the RNeasy Plus Mini or Micro Kit
(Qiagen). Whole tissue RNA extraction was carried out using
manual tissue disruption with Qiagen. RNA purity and concen-
tration were measured using a NanoDrop spectrophotometer
(Thermo Fisher Scientific, Dreieich, Germany) prior to cDNA syn-
thesis using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems/Thermo Fisher Scientific). qPCRs were car-
ried out with the Takyon No ROX SYBR 2x MasterMix blue dTTP
(Eurogentec, Seraing, Belgium) and the primers shown in

www.elsevier.com

77


http://

I. Gadjalova, et al.

78

Supplementary Table 2 on the Light Cycler 480ll (Roche, Basel,
Switzerland) and gene expression were determined and normal-
ized to Hprt using the 22" method.

Murine primary cell isolation and culture

Murine colons were collected, fat, and luminar contents carefully
removed, tissue opened longitudinally and further cut into 0.5
cm pieces. Epithelial cell removal was carried out by incubating
the tissue pieces in 10 mL pre-digestion medium [HBBS- Ca**
and Mg?* free, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul
fonic acid (HEPES) (Thermo Fisher Scientific), 5% fetal calf serum
(FCS) (Thermo Fisher Scientific), 1x penicillin-streptomycin (P/S)
(Invitrogen/Thermo Fisher Scientific), 5mM Ethylenediaminete-
traacetic acid (EDTA) (Merck/Sigma-Aldrich, Darmstadt, Ger-
many) and TmM Dithiothreitol (DTT) (Sigma Aldrich) for 30
minutes rolling at 37°C. Prior to enzymatic digestion, the tissue
pieces were washed by vortexing in 10 mL HBSS- Ca** and
Mg?* rich medium containing 10mM HEPES 1x P/S, and 5%
FCS. Tissue samples were minced using scissors and incubated
in 3 ml digestion medium [HBSS- Ca®* and Mg?* rich, 10mM
HEPES, 1x P/S, 5% FCS, 0.5 mg/ml Collagenase D (Merck), 0.5
mg/ml DNase | (Merck) and 1 mg/ml Dispase Il (Sigma Aldrich)
for 30 minutes at 37°C on a thermal bloc. The cell/tissue suspen-
sion was mechanically dissociated, passed through a 100 um cell
strainer, lymphocytes purified through a Percoll (GE Healthcare,
Solingen, Germany) gradient (25 minutes, 2200 rpm, 4°C, 1 accel-
eration, 0 deceleration), harvested at the 40/80% interface and
washed in ice-cold B cell medium [RPMI-1640 + GlutaMax,
10mM HEPES, 10% FCS, 1x P/S and 0.05mM 2-
Mercaptoethanol (Sigma Aldrich)]. MLN and spleen primary cells
were harvested either by mechanical dissociation through a 70
pm cell strainer or enzymatic digestion in a digestion medium
for 30 minutes at 37°C on a thermal bloc.

Splenic and mLN naove B cells were purified using negative B
cell isolation kits yielding enriched populations of 95%-98%
(Miltenyi Biotec, Bergisch Gladbach, Germany). Splenic naive
CDA4 T cells were purified using a negative naive CD4+ T-cell iso-
lation Kit yielding a cell purity of 97%-99% (Miltenyi Biotec). For
plasma cell differentiation, purified B cells were labeled in
phosphate-buffered saline (PBS) with 1 uM CTV (Invitrogen) for
10 minutes at 37°C. Cells were maintained in a complete B cell
medium. In vitro B and T-cell coculture systems were set up with
1 % 10° purified WT or Wipf1™~ B cells (BALB/c) and 2 x 10° puri-
fied WT naive CD4 T cells (C57BL/6). The cultures were stimu-
lated with 5 pug/ml LPS (Sigma Aldrich) in B cell medium in the
presence or absence of 10 ug/ml anti-CD86 (BioLegend), 1 pg/
ml CD40L (Peprotech/Thermo Fisher Scientific), or 1ug/ml
CTLA-4-g (human/human, BE0099, Biozol) for a total of 5 days.

Human samples

Informed, written consent was obtained from all patients and
controls, with prior approval of the local ethics committee of
the Faculty of Medicine of the Technical University of Munich
(TUM), Germany, including two-fold pseudonymization for
patient tissue and blood samples (TUM; #1926/2007, #5428/12
and 2022-297-S-KH). Blood samples were obtained from patients
with IBD requiring diagnostic procedures or surgery. Control
blood samples were obtained from healthy donors with no prior
history of IBD or other autoimmune diseases. Tissue samples for
histology were obtained from patients with IBD undergoing
bowel resections of diseased bowel segments due to fibrotic
intestinal obstruction or drug-resistant disease. Control tissue
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samples for histology were obtained from resection margins of
surgical specimens from patients undergoing bowel resection
surgery for cancer. Tissue sampling was performed in accor-
dance with the regulations of the tissue bank of the TUM and
Klinikum rechts der Isar, Munich.

Human primary cell isolation

Human colonic pieces of up to 1 g from UC or Crohn’s Disease
patients were obtained right after surgery from inflamed/fibrotic
as well as uninvolved segments as declared by trained surgeons.
Tissue pieces were washed in Ringer solution (Thermo Fisher Sci-
entific) to remove blood clots and luminar contents by vortex-
ing, and attached mesenteric adipose tissue was removed. The
tissue was minced with scissors, and incubated in 5 ml digestion
medium [HBSS [+]Ca®" [+IMg®" with 3% BSA (Carl Roth, Karl-
sruhe, Germany), 10mM HEPES (Thermo Fisher Scientific), 5%
FCS (Thermo Fisher Scientific), 1x P/S (Invitrogen), 2 Wiinsch
Units Liberase TL (Sigma Aldrich) and 0.5 mg/ml DNAsel (Merck)]
on the GentleMACS (Miltenyi Biotech) in C Tubes (Miltenyi Bio-
tech) with the preset 37C_h_TDK_1 program, filtered through
a 100 pm mesh strainer and a 30%/80% Percoll gradient cen-
trifugation was performed (25 minutes, 2200 rpm, 4°C, 1 acceler-
ation, 0 deceleration). The lymphocyte-containing interface was
manually pipetted off and washed with ice-cold gut cell medium
[Opti-MEM (+)GlutaMAX with 10% FCS, 2.4 mg/ml sodium bicar-
bonate, 50uM 2-mercaptoethanol, 100 U/ml P/S] at 1200 rpm for
10 minutes.

Flow cytometric analysis

Single-cell suspensions were stained for viability using the Zom-
bie Aqua fixable viability Kit (1:1000 BioLegend) and fixed with
4% paraformaldehyde (PFA) (VWR international/Sigma Aldrich).
Cells were blocked with anti-mouse CD16/32 (93, 1:200, BioLe-
gend) and CD16.2 (9E9, 1:200, BioLegend) followed by extracel-
lular staining for 30 minutes with a combination of antibodies in
Supplementary Table 3. For intracellular cytokine stainings, cells
were cultured for 4 hours at 37°C in B cell medium containing 1x
Cell Activation Cocktail (without Brefeldin A) (BioLegend) and 3
hours with 1x Protein Transporter Inhibitor Cocktail (Thermo
Fisher Scientific). Post Live/Dead staining, cells were fixed, and
permeabilized using the Intracellular Fixation and Permeabiliza-
tion Buffer Set (Thermo Fisher Scientific) and stained with the
appropriate combination of antibodies in Supplementary Table 3.
Cells were acquired on LSR Fortessa cytometer (BD Biosciences,
San Jose, California, US) and analyzed using FlowJo software (BD
Biosciences). For flow sorting, murine splenic B cells (live
CD19"B220" cells) or naive CD4 T cells (live CD19°CD4"CD25-
CD45RB"™ cells) were sorted on a FACSAria Ill (BD Biosciences)
cell sorter.

Mass cytometry

A total of 3-5 x 10° cells per sample were stained for viability as
described in Cell-ID Cisplatin (Standard BioTools, South San Fran-
cisco, California, US) with a final concentration of 2.5uM Cisplatin
per sample, fixed in 2% Formaldehyde solution (w/v) methanol-
free (Thermo Scientific Scientific) for 10 minutes at room tem-
perature, washed 2x with Maxpar Cell Staining Buffer and left
overnight at 4°C in 1 ml buffer. Cells were blocked with anti-
mouse CD16/32 (93, 1:200, BioLegend) and CD16.2 (9E9, 1:200,
BioLegend) followed by a surface staining with the combination
of the antibodies listed in Supplementary Table 4 as described in
Maxpar Cell Surface Staining (Standard BioTools). Intracellular

Mucosal Immunology (2024) 17:67-80


http://
http://

and intranuclear stainings were carried out as described in Max-
par Nuclear Antigen Staining with Fresh Fix (Standard BioTools)
followed by a Cell-ID Intercalator-Ir staining (Standard BioTools)
and sample prep for measurement on a CyTOF Helios with WB
injector (Standard BioTools). The generated FCS files were nor-
malized and randomized using EQ beads and concatenated.
Clean-up gates for the elimination of no-cell signals, live cells,
and single cells were conducted manually using FlowJo software
(BD Bioscience). To balance the influence of markers with differ-
ent dynamic ranges, we performed background subtraction and
channel-based normalization. To identify distinct cell popula-
tions and clusters all markers were included in a two-round
unbiased high-dimensional data analysis using the FlowJo plug-
ins, FlowSOM, and Uniform Manifold Approximation and
Projection.

Human colon single-cell RNA sequencing re-analysis
Annotated gene expression matrix of immune cells*, (Single-
Cell Portal: SCP259% Gene Expression Omnibus GSE182270)
were loaded, processed, and re-analyzed using the scanpy
toolkit (version 1.9.1.%°).

Low-quality observations, filtered individually per patient
sample by number of genes (minimum: 200-600, maximum:
1800-3000) and percentage of mitochondrial genes (maximum.:
12%-20%) and genes expressed by fewer than three cells were
removed (Supplementary Table 5). Gene counts were normal-
ized to total counts per cell (target sum: 10%, logarithmized,
and scaled (maximum value: 10). To correct for batch effects,
cells were integrated by unique samples using harmonypy (ver-
sion 0.0.6."), and Uniform Manifold Approximation and Projec-
tion for dimension reduction (nearest neighbors: 50, min.
distance: 0.75, neg. edge sample rate: 9) was computed with
the indicated settings.

Histology, Inmunohistochemistry, Immunofluorescence

For histology, murine colons were flushed with ice-cold PBS, cut
longitudinally, rolled, and fixed in 4% neutral buffered formalin
for 48 hours, dehydrated, and embedded in paraffin (ASP
300S, Leica, Wetzlar, Germany) according to routine methods.
Blocks were cut into 2 um thick sections and stained with hema-
toxylin and eosin (H&E), or antibodies as indicated (CD3: clone
SP7, DCS CI597R0, 1:100; B220: clone RA3-6B2, BD 550286,
1:50). IHC was performed on a Leica BondRxm using a Polymer
Refine detection Kit with 3,3-diaminobenzidine as chromogen.
All slides were scanned with a Leica AT2 scanning system with
x40 magnification and evaluated with ImageScope
(12.4.0.7018). H&E-stained colon slides were analyzed and
scored in an unbiased manner using the scoring scheme four
(Supplementary Table 1, adapted from'®). Colonic crypt length
was determined by an average of 20 crypts per mouse gut roll
using ImagelJ. For immunofluorescence, murine colon rolls were
fixed in 4%(w/v) PFA (VWR International), equilibrated in 30%
(w/v) sucrose, and frozen at —80°C in Optimal Cutting Tempera-
ture embedding medium (Thermo Fischer Scientific). We then
cut 20 uym sections, blocked in Blocking Buffer [PBS containing
1% (v/v) FCS, 1% (v/v) mouse serum (Jackson Immunoresearch,
West Grove, Pennsylvania, US), 0.3% (v/v) Triton X-100] and
stained with antibodies in Supplementary Table 6. Slides were
washed in PBS, mounted with Fluoromount-G (Southern Bio-
tech, Birmingham, Alabama, US), and sealed with a clear nail
polish.
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Human colon tissue samples were fixed in 4%(w/v) PFA (VWR
International) for 24 hours at room temperature, dehydrated,
embedded in paraffin, and cut into 3.5um thick sections. Slides
were deparaffinized, rehydrated, boiled in citrate buffer (10 mM
pH6) for antigen retrieval, washed, and incubated in 50 mM
NH4CI. Slides were blocked [2% BSA and 0.3% Triton X-100
(Sigma Aldrich)], labeled with a combination of the antibodies
in Supplementary Table 6, and imaged using the Leica SP8 Con-
focal microscope or the Leica AT2 scanning system. For H&E and
immunochemistry intestinal tissue was fixed in 4% PFA, dehy-
drated and paraffin-embedded. The sections were then stained
with either standard H&E (Morphisto Ltd.) according to the man-
ufacturer’s instructions or with the antibody against CD20 (L26,
Invitrogen), followed by a peroxidase-conjugated antibody
(Jackson Immunoresearch) and 3,3-diaminobenzidine substrate
chromogen Kit (Dako). Slides were scanned at 400x magnifica-
tion (Aperio GT 450; Leica). CD20-positive cells were detected
using QuPath software and its function for positive cell detec-
tion. In addition, CD20-positive follicles were counted, and their
size measured.

Multiplex assays

Quantification of murine immunoglobulin and cytokines in
blood serum, mucus scrapes, and culture supernatants was car-
ried out using commercially available LEGENDplex Multiplex
Assays (BioLegend), murine serum autoantibodies were quanti-
fied using the respective commercially available Alpha Diagnos-
tics Intl. Kits and murine and human serum CD40L were
quantified using the commercially available soluble CD40L ELISA
Kits (Thermo Fisher Scientific), following the manufacturer’s
procedure.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 7.0. The
independent groups were compared at the explorative signifi-
cance level of 5% and a power of 1- = 80%. For independent
samples t test were used for normally distributed continuous
variables. In case of non-normality, the Mann-Whitney U test
was used. A description of the statistical analysis of each graph
can be found in the figure legends.
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