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ARTICLE INFO ABSTRACT

Handling editor: C Selmi Disruption of gut barrier function and intestinal immune cell homeostasis are increasingly considered critical
players in pathogenesis of extra-intestinal inflammatory diseases, including multiple sclerosis (MS) and its
prototypical animal model, the experimental autoimmune encephalomyelitis (EAE). Breakdown of epithelial
barriers increases intestinal permeability and systemic dissemination of microbiota-derived molecules. However,

whether the gut-vascular barrier (GVB) is altered during EAE has not been reported. Here, we demonstrate that
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Angiogenesis remodeling and expansion of intestinal villi capillary bed during disease symptomatic phase in an antigen-

B cell independent manner. Concomitant to onset of angiogenesis observed prior to neurological symptoms, we
identify an increase of intestinal perivascular immune cells characterized by the surface marker lymphatic vessel
endothelial hyaluronic acid receptor 1 (LYVE-1). LYVE-1" is expressed more frequently on B cells that show high
levels of CD73 and have proangiogenic properties. B cell depletion was sufficient to mitigate enteric blood
endothelial cell proliferation following immunization for EAE. In conclusion, we propose that altered intestinal
vasculature driven by a specialized LYVE-1" B cell subset promotes angiogenesis and that loss of GVB function is
implicated in EAE development and autoimmunity.

1. Introduction process further increases inflammation and alters fine-tuned immuno-
logical balance, possibly promoting a breach of immune tolerance
[17-19]. An association between inflammatory bowel disease (IBD) and

MS has been described with a risk ratio of 1.54 for IBD and MS co-

Biological barriers are essential to protect the host from noxious
environment stimuli and play a pivotal role in maintaining homeostasis.

Among these barriers, the gut is constantly challenged by trillions of
intestinal microbes and environmental antigens. Defects of this multi-
layer system are thought to be involved in a broad range of inflamma-
tory and autoimmune diseases [1-6]. A growing body of evidence
indicates that alteration of intestinal homeostasis is involved in the
pathogenesis of multiple sclerosis (MS), a common chronic inflamma-
tory and demyelinating disease of the central nervous system (CNS)
[7-12].

Impairment of intestinal barrier integrity was previously estimated
to occur in up to three-quarters of persons with MS (pwMS), leading to
low-grade translocation of foreign and microbial antigens or microbes
from the lumen into the intestinal lamina propria (LP) [13-16]. This

morbidity, and up to two-thirds of pwMS develop gastrointestinal
complications, among which one-third reported intestinal symptoms
before the first clinical episode suggestive of MS [20-22]. Several
studies have shown an alteration of the intestinal microbiota in pwMS,
including changes in bacterial strains that produce immunomodulatory
metabolites (e.g., short-chain fatty acids) [9,10,12,23-31]. Consistently,
modification of intestinal immune cell composition, including reduced
dendritic cells and regulatory CD4 T cells was reported in the early
stages of MS, and pwMS harbored increased intestinal permeability in
the active phase of the disease [32,33]. However, it is still unclear
whether intestinal alteration represents a pathological trigger or if it is a
consequence of neurological disease progression [34]. A widely used
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animal model of MS is experimental autoimmune encephalomyelitis
(EAE). Mice with EAE display extensive alteration of intestinal milieu
prior to neurologic symptom onset, thus favoring the first hypothesis
[35,36]. Presymptomatic intestinal changes in EAE include increased
intestinal permeability (that worsens with disease progression), dys-
biosis, morphological changes such as increased villus length and crypt
depths, increased cell density in the small intestine, inflammation, and
infiltration of pro-inflammatory immune cells in intestinal LP [35-38].
Altogether, these studies indicate a substantial shift of intestinal milieu
toward an inflamed state, including disruption of intestinal barrier
functions. This loss of barrier function contributes to bacterial trans-
location and systemic dissemination of microbial-derived products, such
as lipopolysaccharide (LPS), detected at high titers in blood and CNS of
mice during symptomatic EAE [8]. An elevation in LPS serum level also
occurs in pwMS [39]. Together, those data indicate that during EAE,
intestinal homeostasis and barrier functions are disturbed before disease
onset and potentially promote key pathological steps in development of
neuroinflammation.

Systemic dissemination of microbial-derived macromolecules in
neuroinflammation implies that intestinal barrier dysfunction is not
limited to the epithelial-based barrier but also affects the recently
discovered gut-vascular barrier (GVB) [40]. Primarily composed of
endothelial cells, with the support of pericytes and enteric glial cells, the
GVB shares morphological similarities with the BBB and controls
macromolecule entry from LP into systemic circulation with a perme-
ability estimated of 4 kDa [41]. Plasmalemma vesicle-associated protein
(PLVAP, also known as PV-1) finely regulates intestinal blood endo-
thelial cell (BEC) permeability, and its expression correlates with
vascular permeability [42]. Interestingly, intestinal BEC transcriptome
was highly enriched in genes related to angiogenesis following Salmo-
nella typhimurium infection, known to induce GVB disruption [43]. In-
testinal vasculature dysfunction is considered a critical factor in IBD
pathogenesis, with patients demonstrating an activated endothelium,
increased blood vessel density, and pathological angiogenesis [44,45].
Furthermore, results from the dextran sulfate sodium (DSS)-induced
colitis model of IBD demonstrate microvascular remodeling, angiogen-
esis, and profound vascular leakage before epithelial barrier alteration,
suggesting that GVB is negatively impacted by chronic intestinal
inflammation [46-48]. Interestingly, a link between GVB and closing of
the choroid plexus barrier mediated by gut-derived inflammatory me-
diators was recently proposed in DSS-induced colitis, suggesting a
vascular axis between the intestine and the brain [49].

However, it remains unclear whether abnormal intestinal perme-
ability during EAE is caused by alteration of the GVB and, if so, at what
stage of disease. We here report a remodeling of the small intestinal
vasculature, starting during preclinical phase of EAE, highlighted by
increased vessel diameter, vascular permeability and EC proliferation,
yielding an expansion of the capillary bed network at the disease peak
suggestive of GVB disruption. We observe an expansion of intestinal
proangiogenic, perivascular B cells expressing the ecto-5-nucleotidase
CD73 and hyaluronan receptor lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE-1). In addition, LYVE-1" B cells promote angiogenesis
in vitro and participate in GVB disruption in mice immunized for EAE.
We thus propose that this process could participate in immune tolerance
breakdown.

2. Materials and methods
2.1. Mice

Wild-type mice were obtained from Charles-River Laboratories or
bred in the animal facility. All mouse strains were on a pure C57BL/6J
background. 8-12 weeks-old-mice were used for all experiments. Ani-
mals were kept in a specific pathogen-free (SPF) facility at Lausanne
University. All experiments were carried out in respect with guidelines
from the Cantonal Veterinary Service of the state of Vaud.
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2.2. EAE induction

For the induction of active EAE, female mice were immunized with
100 pg myelin oligodendrocyte glycoprotein peptide 35-55 (MOGss.ss,
Neobiotech, Clinisciences [previously Anawa], France) emulsified in
complete Freund’s adjuvant (CFA, 77140, Thermofisher, USA) supple-
mented with Mycobacterium tuberculosis H37Ra (BD0231141, BD Difco,
USA) to a final concentration of 5 mg/ml. 200 pl of emulsion was sub-
cutaneously injected into four sites on the flanks of mice. On days 0 and
2, after initial MOGg3s_55 injections, mice received intravenous injections
of 100 ng pertussis toxin (P2980, Sigma-Aldrich, UK). Mice were
weighed and scored daily using the following system: 0: no symptom, 1:
tail paralysis, 2: hind limb paresis, 2.5: partial hind limb paralysis, 3:
complete hind limb paralysis, 4: forelimb paresis and complete hind
paralysis, 5: moribund or dead.

2.3. Laragotide acetate treatment

For larazotide acetate (LA) treatment, experiments were performed
as previously described [5]. Briefly, EAE mice and unimmunized control
mice received 50 pg of LA (SML2475, Sigma-Aldrich, Israel) in a volume
of 150 pl or 150 pl of water as vehicle control, respectively, twice a day
by oral gavage starting on the day of immunization and continuously
throughout the experiment.

2.4. Whole-mount immunostaining and vessel morphometric analysis

Whole-mount immunostaining was performed as previously
described [50]. Briefly, mice were perfused with 4 % paraformaldehyde
and the intestines were fixed in a picric acid fixation buffer (P6744,
Sigma-Aldrich, Switzerland). Jejunum immunostaining was performed
with DAPI (4,6-diamidino-2-phenylindole, dil: 1:4000) and the
following primary antibodies: goat anti-mouse VEGFR2 (dil 1/100,
polyclonal, AF644, R&D systems, USA), rabbit anti-mouse LYVE-1 (dil:
1/400, polyclonal, 11-034, AngioBio, USA), rat anti-mouse B220 (dil:
1/400, clone: RA3-6B2), Goat anti-mouse IgA (dil: 1/200, polyclonal,
1040-01, SouthernBiotech, USA), rat anti-mouse F4/80 (dil: 1,/200,
clone: BM8, MF48000, Invitrogen, USA), and secondary antibodies,
donkey anti-rabbit IgG (H + L) AF647 (dil: 1/500, A-31573, Invitrogen,
USA), donkey anti-goat IgG (H + L) AF555 (dil: 1/500, A-11055, Invi-
trogen, USA), goat anti-Syrian Hamster IgG (H + L) AF 488 (dil: 1/500,
A-21110, Invitrogen, USA), donkey anti-Rat IgG (H + L) AF488 (dil:
1/500, A-21208, Invitrogen, USA). Image acquisition was performed on
a Zeiss LSM 880 confocal microscope, and image analysis and 3D
reconstruction were performed using Fiji software. Morphometric
analysis was performed with Angiotools software [51].

2.5. Isolation of intestinal leukocytes and endothelial cells

Immune cells from small intestine LP were isolated as previously
described [35]. Briefly, the jejunum section of the small intestine was
opened longitudinally and washed three times in 1x phosphate-buffered
saline (PBS). Washed intestine was cut into 2 cm pieces and first incu-
bated for 20 min at 37 °C in Hanks’ Balanced Salt solution (HBSS,
14170-112, Gibco, USA) containing 10 mM EDTA (46-034-CI, Corning,
USA) at 80 rpm. Tissues were washed twice by vortexing in 1x PBS and
jejunal pieces were then incubated in a dissociating mix composed of 5
mL HBSS, DNAse I recombinant (1U/mL, 04716728001, Roche, Ger-
many), 2 % fetal calf serum (FCS, Biowest, France) and Liberase TL (1
Wiinsch unit/mL, 05401020001, Roche, Germany) for 20 min at 37 °C.
Enzymatic dissociation was performed 2 times for immune cells isola-
tion or 3 times for endothelial cells isolation. The remaining tissue pieces
were mechanically dissociated on a 70 pm cell strainer using a syringe
plunger. The cellular suspensions were then washed with HBSS com-
plemented with 10 % FCS, filtered through 40 pm cell strainer and
resuspended in complete culture medium for further analysis.
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2.6. Isolation of CNS immune cells

Mice were perfused through the left ventricle with ice-cold 1x PBS,
the brains were dissected, and spinal cords were collected by flushing
the vertebral canal with ice-cold 1x PBS. CNS tissue was then cut into
pieces and digested in Dulbecco’s Modified Eagle Medium (DMEM,
41965039, Gibco, UK) supplemented with 2.5 mg/ml collagenase D
(11088858001, Sigma-Aldrich, Germany) and DNAse 1 at 1 mg/ml
(10104159001, Sigma-Aldrich, Germany) for 45 min at 37 °C. Mono-
nuclear cells were isolated by passage through 70 pum cell strainer, fol-
lowed by Percoll gradient centrifugation (70 %/37 %). Leukocytes were
removed from the interphase, washed, and resuspended in culture me-
dium for downstream analysis.

2.7. Flow cytometry and cell sorting

Single-cell suspensions were washed twice in 1x PBS and stained
with LIVE/DEAD fixable red viability dye (123102, Invitrogen, USA)
according to the manufacturer’s instructions. For extracellular staining,
cells were first incubated with anti-CD16/32 antibody (clone: 93, 16-
0161-85, Invitrogen, USA) in fluorescence-activated cell sorting
(FACS) buffer (1x PBS containing 1 % BSA) and stained with anti-mouse
fluorochrome-conjugated antibodies: CD45 (clone: 30-F11, 103138,
USA), CD31 (clone: 390, 102418, USA), Podoplanin/gp38 (clone: 8.1.1,
127410, USA), PLVAP (clone: MECA-32, 120505, USA), B220 (clone:
RA3-6B2, 103236, USA), CD73 (clone: TY/11.8, 127205, USA) pur-
chased from Biolegend, CD64 (clone: X54-5/7.1, 12-0641-82, USA),
LYVE-1 (clone: ALY7, 48-0443-82, USA), F4/80 (clone: BM8, 56-4801-
82, USA), CD19 (clone: 1D3, USA), CD1l1c (clone: N418, 117318,
USA), CD11b (clone: M1/70, 101226, USA) purchased from eBioscience
at 4 °C for 30 min. For intracellular staining, cells were fixed and per-
meabilized using Foxp3/transcription factor staining Buffer set (00-
5523-00, eBioscience, USA) and stained intracellularly with labeled
antibody rat anti-IgA (clone: 11-44-2, 1165-02, SouthernBiotech, USA)
for 30 min at RT. Data were acquired on an LSR II-cytometer and
analyzed using FlowJo software.

2.8. Intestinal vascular permeability assay

Intestinal vascular permeability was assessed using the Evans blue
dye method adapted from previous publication [52]. Mice received an
intravenous injection of 100 pl of Evans blue (E2129, Merck, India)
solution at 0.5 % (w/v) at 7 days post-immunization (DPI). Mice were
sacrificed 10 min after Evans blue injection and perfused with 10 ml of
PBS. The jejunum part of the small intestine tissues was removed,
opened longitudinally, and feces removed. Photographs were taken,
tissues were blotted dry, and Evans blue dye was extracted with 500 pl of
formamide (47671, Sigma-Aldrich, Germany) overnight at 60 °C. Evans
blue concentration was then measured by spectrophotometry at 600 nm.

2.9. Aortic ring assay co-cultures

Aortic ring co-culture assay was adapted from previous publications
[53,54]. Aortae were isolated from wild-type C57BL/6 J mice, flushed
with 1xPBS, cut into 0.5 mm thick rings, and incubated in serum-free
culture media (DMEM) complemented with gentamicin (G1272-100
ml, Sigma-Aldrich, Israel), non-essential amino acids (11140-035,
Gibco, UK), sodium pyruvate (S8636-100 ml, Sigma-Aldrich, Japan)
overnight at 37 °C and 5 % CO,. Aortic rings were embedded in growth
factor reduced matrigel (354230, Corning, USA), and cultivated in 100
pl of complete media (DMEM complemented with 10 % FCS, genta-
micin, non-essential amino acids, and sodium pyruvate) in the presence
of 20 ng/ml basic fibroblast growth factor (bFGF) (F0291,
Sigma-Aldrich, USA) during 3 days at 37 °C and 5 % CO,. After 3 days,
wells containing aortic rings were washed with a complete medium
before adding freshly FACS-sorted LYVE-1" or LYVE-1" B cells. Medium

Journal of Autoimmunity 148 (2024) 103292

only [non-stimulated (NS) condition] or completed with 20 ng/ml of
bFGF (bFGF condition) were added to the aortae for negative and pos-
itive control, respectively.

To obtain B cells, EAE was induced in wild-type C57BL/6 J female
mice, and at 7 DPI, siLP immune cells were extracted and fluorescence-
activated cells sorted into CD45" CD11b~ F4/80 B220" LYVE-1" and
CD45" CD11b~ F4/80° B220" LYVE-1" populations. Co-cultures were
performed by adding 70 000 LYVE-1" or LYVE-1" B cells per well and
images were acquired daily using Leica DMil Inverted Microscope to
assess the sprouting area. A blinded investigator performed the quanti-
fication of the sprouting area with Fiji software.

2.10. B cell depletion therapy

Treatment with the mouse monoclonal anti-CD20 (clone: MB20-11,
BE0356, InVivoMADb, USA) or with the mouse IgG2c isotype control
(BE0366, InVivoMAb, USA) was performed as previously described
[55]. Antibodies were administered intravenously (250 pg/mice) once
in unimmunized control mice and seven days before EAE induction in
the group of mice with EAE. Immune cells were isolated from the spleen
and the duodenum LP at 7 DPI to control for B cell depletion, while
endothelial cells were extracted from jejunum LP to perform flow
cytometry analysis.

2.11. RT-qPCR

Total RNA was extracted using the RNeasy Mini Kit (74104, Qiagen,
Germany) according to the manufacturer’s protocol. cDNA was pro-
duced from RNA without amplification using the Superscript II RT
(18064014, Invitrogen, USA). PCR products were amplified with the
PowerUp SYBR Green Master Mix (A25742, Applied Biosystem,
Lithuania). Samples were analyzed using the StepOne Real-Time PCR
System. Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) was used
as reference genes, and the comparative 27 Dela CT athod was employed
to evaluate the relative mRNA expression of the gene of interest. Primers
were purchased from Microsynth AG (Balgach, Switzerland). The
following primers were used: Gapdh (forward) 5-TGT GAA CGG ATT
TGG CCG TA-3, (reverse) 5-ACT GTG CCG TTG AAT TTG CG-3/, CCND3
(forward):5-CGT CGC TTC TCC TAG GAC TC-3, (reverse) 5-AAC ACA
GCA GCT CCA TCC TG-3, Eng (forward) 5-TTC TCA CAC ACG TGG CCC-
3/, (reverse) 5-AAC ACA GCA GCT CCA TCC TG-3'.

2.12. RNA-sequencing

EAE was induced in wild-type C57BL/6J female mice as described
above. At 7 DPI, the siLP was extracted and cells were FACS sorted into
Viable CD45" CD11b~ F4/80° CD11c™ B220" LYVE-1" population and
Viable CD45" CD11b™ F4/80" CD11c™ B220" LYVE-1" population before
RNA extraction. The RNA-seq was performed in The Lausanne Genomic
Technologies Facility. RNA quality was assessed on a Fragment Analyzer
(Agilent Technologies), and all RNAs had an RQN between 7.7 and 9.
RNA-seq libraries were prepared from 10 ng of total RNA with Takara
SMART-seq v4 PLUS kit following the manufacturer’s protocols. Li-
braries were quantified by a fluorometric method (QublT, Life Tech-
nologies) and their quality assessed on a Fragment Analyzer (Agilent
Technologies).

Gene set enrichment analysis (GSEA) was performed with the pre-
ranked gene list function of GSEA software from the UC San Diego and
Broad Institute using the t-statistic to rank the input gene lists [56,57].
MTORC1 signaling, oxidative phosphorylation and inflammatory
response were assessed using the hallmark gene set collection from the
Molecular Signatures Database (MSigDB) [58]. Cell cycle was assessed
using Kyoto Encyclopedia of Genes and Genomes (KEGG) collection.
Activation of immune response and positive regulation of cytokine
production involved in immune response were assessed using the Gene
Ontology Biological Process (GO: BP) collection.
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2.13. Statistics

Data analyses and graphs were performed using the GraphPad Prism
software for Windows (GraphPad Software Inc., San Diego, CA, USA). A
P-value <0.05 was considered as significant. Statistical tests used in this
study include two-tailed Mann-Whitney U test, two-tailed unpaired
Student t-test, ordinary one-way ANOVA with Tukey’s multiple com-
parisons test or Holm-Sid4k’s multiple comparisons test, or two-way
ANOVA with Sidak’s multiple comparisons test as specified in the fig-
ure’s legends. We performed PCA on the gene expression data while
accounting for paired samples within Python (v 3.7.7). We first removed
the paired sample effect with ordinary least squares regression using the
‘ols’ function within statsmodels (v0.13.0), and then we performed PCA
using the ‘PCA’ function within scikit-learn (v1.0.2). The sample size for
each experiment is specified in the figure’s legends.

Preprocessing and statistical analysis of the RNA-seq were performed
by the Lausanne Genomic Technologies facility with R (R version 4.1.0).
For data processing, purity-filtered reads were adapters and quality
trimmed with Cutadapt (v. 1.8, [59]). Reads matching to ribosomal RNA
sequences were removed with fastq_screen (v. 0.11.1). Remaining reads
were further filtered for low complexity with reaper (v. 15-065, [60]).
Reads were aligned against the Mus_musculus.GRCm38.102 genome
using STAR (v. 2.5.3a, [61]). The number of read counts per gene locus
was summarized with htseq-count (v. 0.9.1, [62]) using Mus_musculus.
GRCm38.102 gene annotation. Quality of the RNA-seq data alignment
was assessed using RSeQC (v. 2.3.7, [63]). Statistical analysis was per-
formed for genes independently in R (R version 4.1.0). Genes with low
counts were filtered out according to the rule of 1 count(s) per million
(cpm) in at least 1 sample. Library sizes were scaled using TMM
normalization. Subsequently, the normalized counts were transformed
to cpm values and a log, transformation was applied by means of the
function cpm with the parameter setting prior.counts = 1 (EdgeR v
3.34.1; [64]). After data normalization, a quality control analysis was
performed through hierarchical clustering and sample PCA (plots of first
two principal components). The samples cluster correctly by experi-
mental group. After taking paired samples into account (using the
function removeBatchEffect(k) from the R Bioconductor package
limma), the separation of the two groups is even better than in the un-
supervised case. Differential expression was computed with the R Bio-
conductor package limma by fitting data to a linear model [65]. The
approach limma-trend was used. Fold changes were computed, and a
moderated t-test with paired samples was applied to compare the two
conditions. P-values were adjusted using the Benjamini-Hochberg (BH)
method, which controls for the false discovery rate (FDR).

Ethics approval

All experiments were performed in accordance with guidelines from
the Cantonal Veterinary Service of state Vaud (authorizations #VD3767
and #VD3393)

3. Results

3.1. Morphological changes in intestinal vasculature occur at the
presymptomatic phase of EAE disease

Small intestinal villi morphology alteration during neuro-
inflammation was previously described [36], however the specific fea-
tures are not clearly identified. Furthermore, impact of EAE on enteric
endothelium is poorly understood. To better describe these changes, we
performed whole-mount immunostaining of intestinal tissues by stain-
ing for vascular endothelial growth factor receptor 2 (VEGFR2), a key
angiogenesis player widely expressed in endothelial cells [66]. We
focused our analysis on the jejunum midsection of the small intestine,
whose morphology is significantly affected during EAE [36]. To evaluate
the impact of immunization on intestinal vasculature, we immunized a

Journal of Autoimmunity 148 (2024) 103292

group of wild-type mice with the antigen myelin oligodendrocyte
glycoprotein 35-55 (MOGss_s5) emulsified with complete Freund’s
adjuvant (CFA) subcutaneously into flanks. Pertussis toxin was injected
intravenously (IV) at days 0 and 2. The control group consisted of age-
and sex-matched unimmunized mice. Only immunized mice developed
neurological symptoms (Fig. 1A). We chose two different time points
during EAE disease course to analyze intestinal capillary bed architec-
ture: EAE disease peak (day 15) (closed arrow and representative images
Fig. 1B) and 7 days post-immunization (DPI), a time prior to symptom
onset (Fig. 1A open arrow and representative images Fig. 1C).

We observed that the vascularized area of the villus capillary bed was
enlarged in mice at the peak of EAE compared to age-matched unim-
munized control mice (Fig. 1B-D). These results were in accordance
with the significant increase in cumulative vessel length observed in
mice at the peak of disease compared with unimmunized mice (Fig. 1E).
Vessel morphometric analysis further showed a significant increase in
vessel branching in mice with EAE compared to unimmunized mice
(Fig. 1F). However, vessel diameter was similar between unimmunized
and EAE mice at this time point (Fig. 1G).

We and others have shown that intestinal LP inflammation is
increased at the presymptomatic EAE stage [35,36,67]. We thus aimed
to determine whether vascular remodeling appears early in disease
development and performed a similar analysis as described above at 7
DPI (Fig. 1C, left panels). At this time point, no difference was observed
in the villus vascular bed area (illustrative Fig. 1C and quantification in
Fig. 1H), total blood vessel length (Fig. 1I) and number of vessel
branchpoints between the two mice groups (Fig. 1J). However, we
observed a significant increase in vessel diameter in mice immunized for
EAE compared to the unimmunized control group (illustrative image
Fig. 1C right panels, and quantification 1K). Together, these results
suggest that vascular remodeling occurs and is initiated in the intestine
prior to disease onset characterized by vessel enlargement. We propose
that restructuring existing vessels precedes generation of an enlarged
and more complex villi capillary network that we observe in mice with
neurological symptoms.

3.2. Intestinal angiogenesis and vascular permeability increase during the
presymptomatic EAE

Vessel enlargement is observed during pathological angiogenesis and
is associated with increased vascular permeability, therefore we aimed
to address whether at 7 DPI intestinal endothelium displays increased
proliferation and vascular leakage [68-70]. Not only increased vessel
diameter can result from inflammation-induced vasodilatation, but
capillary enlargement can also be a precursor sign of angiogenesis.
During chronic airway inflammation induced by Mycoplasma pulmonis
infection capillary enlargement precedes the formation of new blood
vessels [71]. To address whether vessel enlargement is related to the
local proliferation of blood endothelial cells (BEC, CD45’CD31+pod0-
planin [gp38]), we extracted the small intestinal lamina propria (siLP)
and assessed the numbers of BECs from unimmunized and EAE-induced
mice at 7 DPI by flow cytometry quantification. We observed a signifi-
cant increase in the number of BECs in the LP of the jejunum of mice 7
days after immunization compared to unimmunized mice (Fig. 2A and B
representative FACS plots). This strengthens our hypothesis that
angiogenesis happens before the first EAE symptoms despite lack of
capillary bed area expansion. We then sorted BECs by flow cytometry
from siLP of mice from both groups and performed quantitative
real-time PCR. siLP BECs from mice immunized for EAE at 7 DPI
expressed  significantly higher levels of endothelial cell
proliferation-associated genes CCND3 (cyclin D3, Fig. 2C) and Eng
(endoglin, Fig. 2D) than BEC isolated from control mice (BEC gating
strategy Fig. S1A) [72]. siLP BEC also showed a significant upregulation
of the ecto-5-nucleotidase CD73 expression compared to unimmunized
controls (Fig. 2E quantification and gating Fig. S1B). CD73 induces
endothelial cell sprouting and promotes blood vessel permeability [73].
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Fig. 1. Morphological remodeling of the small intestine vasculature during EAE. (A) EAE disease course (n = 6-9 mice per group), arrows indicate the two
time-points (open arrow: 7 DPI and closed arrow: 15 DPI for disease peak) at which intestinal vasculature was analyzed. (B) Representative whole-mount immu-
nofluorescence images of jejunum vasculature from unimmunized mice (left panel) and from mice at EAE peak (right panel) stained for VEGFR2. Scale bars represent
100 pm. (C) Representative whole-mount immunostaining images of jejunum from unimmunized (left panel) and EAE-induced mice at 7 DPI (middle panel) stained
for VEGFR2. Scale bars represent 100 pm. Squares indicate the area shown at higher magnification to highlight changes in capillary diameter between unimmunized
(top right panel) and mice immunized for EAE at 7 DPI (bottom right panel). Scale bars represent 10 pm. Quantification of (D) villi vascular bed area, (E) cumulative
vessel length per villus, (F) number of vessel branchpoints per villus, and (G) capillary diameter of unimmunized mice and mice at EAE peak (n = 6-9 mice per group,
at least 8 villi quantified per biological replicate). Quantification of (H) villi vascular bed area, (I) cumulative vessel length per villus, (J) number of vessel
branchpoints per villus, and (K) capillary diameter of unimmunized or mice immunized for EAE at 7 DPI (n = 8 mice per group, at least 8 villi quantified per
biological replicate). Data were combined from two experiments (D-K). Symbols represent biological replicates (D-K). Representative of two (H-K) or three (D-G)
independent experiments. Mean + SD. ns: not significant, *P < 0.05 and ***P < 0.001. Data were analyzed by a two-tailed Mann-Whitney test (D-K).

Moreover, siLP BECs express PLVAP, a marker of increased vascular
permeability and GVB injury [74-76]. PLVAP is further related to
angiogenesis and promotes leukocyte migration [77,78]. The number of
PLVAP" BECs was significantly increased by ~2.3-fold in immunized
compared to control mice (Fig. 2F, illustrative FACS plots Fig. 2G and
gating Fig. S1C), indicating increased capillary permeability. Further-
more, small intestinal vascular permeability was evaluated in vivo using
the Evans blue method [52,79]. Extravasation of Evans blue dye into
small intestinal tissues was significantly increased in mice immunized
for EAE at 7 DPI compared to unimmunized controls following a sys-
temic injection of Evans blue (Fig. S1D quantification and S1E

representative photographs).

To further evaluate the vascular compartment during presymptom-
atic EAE disease phase, lymphatic endothelial cells (LECs,
CD45CD31"podoplanin [gp38]™) from the siLP were analyzed by flow
cytometry. Unlike BECs, abundance of intestinal LECs was not modified
in EAE-induced mice (Fig. 2H and B representative FACS plot). In
addition, we performed morphologic analysis of lacteals, specialized
lymphatic capillaries found in the small intestinal villi, by whole-mount
immunostaining using the marker LYVE-1 [80]. We observed a similar
lacteal length in unimmunized and mice immunized for EAE at 7 DPI
(Fig. 21). Furthermore, the lacteal surface area (Fig. 2J) was not altered
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Fig. 2. Increase of proliferation and markers of vessel permeability in small intestinal blood endothelial cells manifest prior to EAE clinical onset.
Quantification of (A) blood endothelial cell (BEC) absolute number evaluated by FACS in small intestinal lamina propria (siLP) and (B) representative FACS plot of
BEC (CD31"podoplanin~) and lymphatic endothelial cell (LEC [CD31 podoplanin®]) gated on viable CD45~ cells from unimmunized (B, left panel) or mice
immunized for EAE at 7 DPI (B, right panel) (n = 9 mice per group). Expression of the proliferation-associated markers (C) CCND3 (cyclin D3) and (D) Eng (endoglin)
assessed by quantitative real-time PCR performed on total RNA extracted from sorted siLP BEC of unimmunized or mice immunized for EAE at 7 DPI. Count of (E)
CD73-expressing and (F) PLVAP-expressing BECs (n = 9 mice per group) with (G) representative FACS plot of PLVAP staining in BEC from unimmunized (left panel)
and EAE-induced mice at 7 DPI (right panel). (H) Quantification of LEC count evaluated by FACS in siLP of unimmunized mice and mice immunized for EAE at 7 DPI
(n = 9 mice per group). Quantification of (I) lacteal (lymphatic capillary of the small intestine) length and (J) lacteal area assessed in unimmunized mice and mice
immunized for EAE at 7 DPI by whole-mount immunofluorescence based on LYVE-1 staining (n = 8 mice per group). Data were combined from two experiments (A,
E, F, H, I, J). Symbols represent biological replicates (A-J). Mean =+ SD. ns: not significant, *P < 0.05 and **P < 0.01. Data were analyzed by a two-tailed Mann-

Whitney test (A-J) and are representative of two (C, D, H, I, J) or three (A, E, F) independent experiments.

in mice EAE-induced compared to unimmunized control mice, indi-
cating a conserved lacteal architecture in immunized mice. Altogether,
these results indicate that intestinal BECs, but not LECs, actively pro-
liferate and harbor markers associated with increased vascular perme-
ability and GVB destabilization in mice immunized for EAE prior to
clinical onset, resulting in increased intestinal vascular permeability in
vivo.

3.3. Expansion of perivascular LYVE-1-expressing hematopoietic cells in
siLP following EAE induction

We then investigated which factors promote angiogenesis in the siLP
during EAE. When examining the lymphatic vasculature of the siLP by
whole-mount immunostaining, we observed expansion of round-shaped,
individual cells expressing LYVE-1 (nonvascular LYVE-1" cells) in mice
from the EAE-induced group (Fig. 3A). Although a bona fide marker of
LECs, LYVE-1 is also expressed by M2-like perivascular macrophages
during development and in tumor microenvironment, as well as in adult
dental pulp and adipose tissues with proangiogenic properties [81-83].
Furthermore, perivascular CNS border-associated macrophages express
LYVE-1 in homeostatic and inflammatory conditions, including EAE [84,
85]. Based on previous studies, we assessed the positioning of nonvas-
cular LYVE-1" cells in relation to blood capillaries and found that they
were in close proximity to or in direct contact with the intestinal
microvasculature (Fig. 3B and Movie S1 for three-dimensional recon-
stitution), indicative of a perivascular phenotype. Quantifying nonvas-
cular LYVE-1" cells showed significantly increased LYVE-1" cell
abundance in the siLP of mice immunized for EAE mice compared to the
control group (Fig. 3C). We then asked if they were detected in he-
matopoietic CD45™ cells by flow cytometry. There were significantly
more LYVE1-expressing CD45" hematopoietic cells in the siLP of mice
immunized for EAE compared to control mice (Fig. 3D and E), con-
firming their expansion at an early time point of EAE and revealing their
hematopoietic origin.

Supplementary video related to this article can be found at htt
ps://doi.org/10.1016/j.jaut.2024.103292

Next, we sought to identify the CD45"LYVE-1" perivascular popu-
lation by analyzing the expression of myeloid and lymphoid cell-specific
markers. In EAE-induced mice at 7 DPI, CD45"LYVE-1" cells were
segregated into at least three different subpopulations. 60.5 + 19.1 % of
CD45" LYVE-1" cells expressed the pan B cell marker B220 (Fig. 3F
illustrative FACS plot and quantification Fig. 3I). Consistent with a
report indicating the presence of intestinal LYVE-1" macrophages, 19 +
10.9 % of the CD45TLYVE-1" cells expressed the myeloid-associated
marker CD11b, and the macrophage-associated markers CD64 (FcyRI)
and F4/80 (Fig. 3G illustrative FACS plot and quantification Fig. 3I)
[86]. Finally, 10.7 + 7.5 % of the remaining CD45TLYVE-17 cells
expressed Immunoglobulin A (IgA) (Fig. 3H illustrative FACS plot and
quantification Fig. 3I). This indicates that a large proportion of
CD45TLYVE-1" immune cells are B cells. Altogether, these results show
an intestinal expansion of perivascular immune cells, including macro-
phages, B cells, and IgA™ plasmablasts, characterized by expression of
LYVE-1 concomitant with BEC proliferation and vascular remodeling.

3.4. Gut-specific expansion of LYVE-1" B cells and macrophages in EAE-
induced mice

Having established that different subpopulations of CD45"LYVE-1"
cells accumulate in the jejunum before the first neurological clinical
signs, we then aimed to monitor their changes in the siLP at steady-state
and in mice at 7 DPI by flow cytometry. The frequency of LYVE-1*
macrophages was significantly increased by two-fold after immuniza-
tion, yielding a proportion of 2.6 % of the total siLP CD45 " immune cells
(Fig. 4A illustrative FACS plot and Fig. 4B quantification). We corrob-
orated this finding by whole-mount immunostaining showing the co-
localization of LYVE-1 and F4/80 (Fig. 4C), confirming the presence of
LYVE-1-expressing macrophages. In addition, we found that LYVE-1"
IgA™ plasmablasts, likely arising from LYVE-1T B cells undergoing
activation and differentiation, were significantly expanded following
MOG immunization (Fig. 4D illustrative FACS plot and Fig. 4E quanti-
fication), representing 1.8 % of the total intestinal CD45" immune cells
at 7 DPI. IgA-expressing LYVE-1" immune cells were also identified by
immunofluorescence (Fig. 4F). In agreement with our previous findings,
CD45"LYVE-17B220" cells (LYVE-1" B cells) represent the largest
increased cell subset following immunization with a 3.5-fold increase
compared to non-immunized mice, rising from 1.9 % to 7 % of the total
intestinal CD45" immune cells (Fig. 4G illustrative FACS plot and
Fig. 4H quantification). Co-localization of B220 and LYVE-1 surface
expression was confirmed by immunofluorescence analysis on intestinal
tissue of mice immunized for EAE at 7 DPI (Fig. 4I). Since the surface
marker B220 is also expressed in thymocytes and natural killer (NK)
cells, we confirmed by flow cytometry that all B220"LYVE-1" express
the specific B cell marker CD19 (Fig. 4J and illustrative FACS plot
Fig. 4K), corroborating that LYVE-1" immune cells encompass bona fide
B cells. We then asked if expansion of LYVE-1" B cells was specific or
reflected an increase in the whole enteric B cell population. We did not
observe an expansion of total B cells in intestinal tissues at 7 DPI
(Fig. 4L), demonstrating a specific expansion of LYVE-1" B cells.

We then wondered if LYVE-1" B cells could be detected in other
organs, and we first explored their presence in the spleen, which could
reflect an increase in circulating LYVE-1" B cells. Splenic B cells at 7 DPI
did not express LYVE-1 (Fig. 4M). This suggests a gut-specific expansion
of LYVE-1-expressing B cells in siLP that would not result from circu-
lating LYVE-17 B cells. Given the recent description of regulatory gut-
derived IgA* B cells shown to infiltrate the CNS in pwMS and mice
with EAE and the identification of LYVE-1" IgA™ cells, we addressed
whether LYVE-1" B cells are found in the CNS during neuro-
inflammation [87,88]. CNS-infiltrating immune cells were extracted at
the peak of EAE, and the proportion of total CD45"LYVE-1" immune
cells was evaluated by flow cytometry. CD45"LYVE-1" immune cells
were not detected in the CNS during EAE. These data suggest an
expansion of three subsets of LYVE-1-expressing immune cells, mainly
driven by LYVE-1" B cells, specifically in the intestine following EAE
immunization.

To address whether LYVE-1" cell expansion, as well as alteration of
intestinal vasculature, are antigen-specific, we performed additional
analysis in mice immunized with an emulsion of PBS and CFA with IV
administration of pertussis toxin (PBS/CFA/PTX) versus mice


https://doi.org/10.1016/j.jaut.2024.103292
https://doi.org/10.1016/j.jaut.2024.103292

B. Peter et al. Journal of Autoimmunity 148 (2024) 103292

A Unimmunized c o

15— * % 20— * % ok _
n -] —
3 i
= <
> —
5 315
© 10 %
+ ©
T >
g m|m ‘5 10
Z ] S
8 B : m
3 5 (") E o]
o S 54
E i}
5 oo
< (]
~700um ~T00pm °
1 1
pm pm 0 | | 0 T T

Unimmunized 7 DPI Unimmunized 7 DPI

E Gated on live CD45* G H

CD45*LYVE-1*CD11b'B220°
553

Unimmunized

100+ * %%
* % * %

80—

N
o
1
-] ]

] X3
| gl
0

T T T
B220* CD11b*CD64*F4/80*  IgA*

Cell frequency among LYVE-1* CD45*
[% of LYVE-1* CD45+]
N [}
o o
1 I
@
0 }—0—0 )

Fig. 3. Perivascular LYVE-1" immune cells are expanded in mice immunized for EAE and encompass macrophages, B cells, and IgA-positive cells. (A)
Representative whole-mount immunostaining images of jejunum section from unimmunized (left panel) or mice immunized for EAE at 7 DPI (right panel) stained for
VEGFR2 (green) and LYVE-1 (red). Squares indicate the area shown at higher magnification on the neighboring panel. Scale bars represent 100 pm (left and middle
panels) or 25 pm (right panels). (B) Three-dimensional reconstruction of the whole-mount immunostaining of mice immunized for EAE at 7 DPI stained for VEGFR2
(green) and LYVE-1 (red). Arrows indicate nonvascular LYVE-1" cells in direct contact with blood capillaries. Each panel shows the same image with 90° rotation on
the Y axis. (C) Quantification of nonvascular LYVE-17 cell (n = 8 mice per group, with at least 8 villi quantified per mice) from whole-mount immunostaining. Flow
cytometric analysis of (D) the frequency of LYVE-1-expressing cells in the CD45 compartment (n = 6-9 mice per group) and (E) representative FACS plot of un-
immunized (left panel) and mice undergoing EAE at 7 DPI (right panel). Identification by flow cytometry of LYVE-1 co-expression with (F) the pan-B cell marker
B220 and the myeloid lineage marker CD11b, (G) macrophage-associated markers CD64 and F4/80, and (H) intestinal plasmablast marker immunoglobulin A (IgA).
(I) Quantification of the cell frequency of B220" (as identified in F), CD11b"CD64"F4/807 (as identified in G), and IgA™" (as identified in H) among CD45"LYVE-1"
isolated from siLP of mice immunized for EAE at 7 DPI. Data were combined from two experiments (C, D, and I). Symbols represent biological replicates (C, D, and I).
Mean + SD. **P < 0.01 and ***P < 0.001. Data were analyzed by two-tailed Mann-Whitney test (C-D) or one-way ANOVA with Tukey’s multiple comparisons test (I)
and are representative of two (C, I) or at least three (D) independent experiments.

immunized with the antigen MOG (MOG/CFA/PTX). Whole-mount
immunostaining of the jejunum revealed a significant enlargement of
blood capillary diameter in both PBS/CFA/PTX and MOG/CFA/PTX
groups at 7 DPI compared to unimmunized controls (Fig. S2A). Addi-
tionally, there was a trend toward increased abundance of intestinal
BECs (Fig. S2B) and vascular permeability (Fig. S2C) in mice immunized
in both groups compared to unimmunized mice. Flow cytometry and
whole-mount analysis of intestinal immune cell population showed a

significant increase in nonvascular LYVE-1" cells (Fig. S2D). The fre-
quency of LYVE-1" CD45"% (Fig. S2E) and B220"LYVE-1" (Fig. S2F)
were similarly increased in mice that received PBS/CFA/PTX and MOG/
CFA/PTX immunization compared to unimmunized mice. Together,
those data indicate that change in intestinal vasculature and expansion
of intestinal LYVE-1" B cells are not antigen-specific and are likely the
result of CFA immunization. This is interesting as it could indicate
broader mechanisms of breaking immune tolerance that take place in
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Fig. 4. Expansion of perivascular LYVE-1" is gut-specific and predominantly driven by LYVE-1" B cells. (A-C) Flow cytometry (n = 8-9 mice per group) and
immunofluorescent analysis (n = 3 mice per group) of LYVE-1" macrophages with (A) representatives FACS plots, gated on viable CD45", for LYVE-1" and F4/80™
co-expression in unimmunized mice (left panel) and mice immunized for EAE at 7 DPI (right panel) and (B) Quantification of LYVE-1* F4/807 cell frequency as gated
in (A). (C) Representative whole-mount images stained for LYVE-1 (red) and F4/80 (yellow). Arrow indicates cell co-expressing LYVE-1 and F4/80. Scale bars
represent 100 pm (left panel) or 25 pm (right panels). (D-F) Flow cytometry (n = 5 mice per group) and whole-mount immunostaining (n = 3 mice per group) of
LYVE-1" IgA-expressing cells. (D) Illustrative FACS plot, gated on CD45™ cells, for co-expression of IgA and LYVE-1, and (E) quantification of IgA" LYVE-1" during
steady-state or in mice immunized for EAE at 7 DPI (F) Representative whole-mount immunostaining image for co-localization of LYVE-1 (red) and IgA (white).
Arrow indicates cell stained for IgA and LYVE-1. Scale bars represent 100 pm (left panel) or 25 pm (right panels). (G-I) Flow cytometry (n = 6-9 mice per group) and
immunofluorescent analysis (n = 3 per group) of LYVE-1" B cells. (G) Representative FACS plots were gated on viable CD45" for LYVE-1" and B220" co-expression
in unimmunized mice (left panel) and mice immunized for EAE at 7 DPI (right panel). (H) Quantification of LYVE-1" B220™ cell frequency as gated in (G). (I)
Representative whole-mount images stained for LYVE-1 (red) and B220 (cyan). Arrow indicates cell co-expressing LYVE-1 and B220. Scale bars represent 100 pm (left
panel) or 25 pm (right panels). (J-K) Evaluation of LYVE-1 expression among B220"CD19" and B220"CD19™ cells by flow cytometry. (J) Quantification of
B220"CD19 LYVE-1" and B220"CD19"LYVE-1" cell frequency among B220-expressing cells, and (K) representative FACS plot of LYVE-1 and CD19 co-expression in
siLP from mice immunized for EAE at 7 DPI. (L) Flow cytometry analysis of total B220™ cell frequency in siLP of mice immunized for EAE at 7 DPI. (M) Flow
cytometry analysis of LYVE-1* B220" cell frequency in spleen and siLP of mice immunized for EAE at 7 DPL Data from two experiments (B, H and L) or one
experiment (E, J, and M), and representative of two (E, J) or three (B, H, L, M) independent experiments. Symbols represent biological replicates (B-M). Mean =+ SD.
ns: not significant, *P < 0.05 and **P < 0.01. Data were analyzed by two-tailed Mann-Whitney test (B-M).

the gut during autoimmunity. identified two genes of interest that were significantly enriched in
LYVE-1" B cells: the high-mobility group box 1 (Hmgbl) and CD73
(Nt5e), associated with proangiogenic properties specifically in B cells

3.5. LYVE-1" B cells are enriched for IgA and proangiogenic-related [95,96]. CD73 is particularly interesting when considering the recent
genes description of the proangiogenic B cell subset characterized by CD49b
and CD73 expression that are significantly increased in melanoma and

We observed that LYVE-1" B cells represent the dominant population eosinophilic esophagitis in humans [96]. Furthermore, studies demon-
expanded after MOG/CFA/PTX immunization among CD45 LYVE-1" strated that CD73 promotes angiogenesis in several cancer types and
immune cells (Fig. 3I). To identify transcriptional signatures and mo- that its inhibition mitigates tumor neovascularization [73,97-99].
lecular pathways specific to LYVE-1* B cells, we sorted LYVE-1* and Therefore, we assessed CD73 protein expression level by flow cytometry

LYVE-1" B cells from the silP at 7 DPI mice as viable in both LYVE-1 negative and positive B cell subsets at steady-state and
CD45"B2207CD11b CD11c¢ LYVE-1" and LYVE-1, respectively. RNA after immunization for EAE (Fig. 5F). LYVE-11 B cells displayed a
was extracted and paired bulk transcriptomic analysis of LYVE-1" and significantly higher expression level of CD73 compared to LYVE-1" B

LYVE-1" B cells was performed. Using principal component analysis cells at the basal level. After EAE induction, CD73 expression was further
(PCA), we observed a distinctive transcriptomic signature between the upregulated in LYVE-1" B cells and, to a lesser extent, in LYVE-1"B cells.
two B cell subsets (Fig. 5A). Gene set enrichment analysis (GSEA) CD73 protein expression remained significantly reduced in LYVE-1" B
showed that LYVE-1" B cells transcriptome was mainly associated with cells during preclinical EAE compared to LYVE-1" B cells. Our results
inflammatory response, activation of the immune response or positive suggest that intestinal LYVE-1 positive B cells acquire a proangiogenic
regulation of cytokine production (Fig. 5B). In contrast, LYVE-1" B cells profile, proliferate and differentiate into IgA plasmablasts after
were enriched in transcripts involved in oxidative phosphorylation, immunization.

MTORCI signaling, and cell cycle-related genes suggesting metabolic LYVE-17 B cells further display a phenotype enriched in markers
reprogramming and cell growth signaling (Fig. 5C). Consistent with the associated with memory B cells to a greater extent than LYVE-1" B cells
GSEA, LYVE-1" B cells featured a significantly enhanced expression of (Fig. S3). Flow cytometry analysis revealed higher CD27 expression
the pro-inflammatory chemokine CCL5, the growth factor granulocyte- level in LYVE-1" B cells compared to LYVE-1" B cells at steady state and

macrophage colony-stimulating factor (GM-CSF, encoded by Csf2 at 7 DPI (Fig. S3A). The expression level of IgA was also significantly
gene), as well as cytokines (interferon-y and l117f) and the co-stimulatory increased in the population of LYVE-1" IgA™ cells compared to LYVE-1"
molecule 4-1BB (encoded by TNFRSF9 gene) (Fig. 5D and E). This sug- IgA™ cells (Fig. S3B). We compared the expression of surface markers

gests that LYVE-1" B cells promote intestinal inflammation and immune associated with mouse naive and memory B cells recently defined by
cell recruitment previously described during presymptomatic EAE [36, Weisel et al. among LYVE-1" and LYVE-1" B cells obtained from our
67]. transcriptome analysis [100]. We observed enrichment in memory B
Lyvel was the most differentially expressed gene between LYVE-1" cell-associated markers in LYVE-1" B cell, while LYVE-1"B cell displayed
versus LYVE-1" B cells (Fig. 5D). Furthermore, metabolic adaptations higher expression in naive B cell-associated genes (Fig. S3C).
such as increased oxidative phosphorylation and MTORC1 signaling, As inflammation can promote angiogenesis, we then asked whether
observed in LYVE-1" B cells, are associated with differentiation of B intestinal barrier breakdown impacted the proangiogenic properties of
lymphocytes in plasmablasts [89-91]. Those observations are in accor- LYVE-1" B cells following EAE induction [101]. To address this, we
dance with the significantly increased intestinal IgA*LYVE-1" popula- treated mice with larazotide acetate peptide (LA), a zonulin receptor
tion identified above (Fig. 3H). We thus specifically tested the antagonist proposed as a treatment for celiac disease [102]. LA specif-
enrichment of transcripts related to IgA plasmablast and B cells terminal ically targets impaired intestinal barrier functions and efficiently re-
differentiation [92]. Indeed, we found that the transcription factor duces intestinal inflammation in an experimental model of IBD [103].
B-lymphocyte-induced maturation protein 1 (Blimp-1), the enzyme We thus treated unimmunized and mice immunized for EAE orally with
Activation-induced cytidine deaminase (Aicda), involved in somatic LA to restore intestinal barrier integrity and assessed the expansion and
hypermutation and class-switch recombination, IgA heavy chain (Igha) phenotype of intestinal LYVE-1" B cells. We extracted immune cells
and Jchain (peptide required for IgA dimerization) were from the jejunum of mice receiving pharmacological or sham treatments
over-represented in LYVE-1" B cells (Fig. 5D and E). We further at steady state and at 7 DPI (Fig. 5G). We did not observe an effect of LA
observed increased levels of hypoxia-inducible factor 1-alpha (Hifla), treatment on the expansion of LYVE-1" B cells during preclinical EAE.
the endothelial growth factor vascular endothelial growth factor B The expression level of CD73 in LYVE-1" B cells isolated from unim-
(Vegfb) and genes related to proliferation such as the proliferation munized mice was not impacted by LA treatment (Fig. 5H), but was
marker protein Ki-67 (Mki67) and G2/mitotic-specific cyclin-Bl significantly reduced in immunized mice receiving LA compared to

(CCNB1) in perivascular LYVE-1" B cells (Fig. 5D and E) [93,94]. We
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Fig. 5. LYVE-1" B cell transcriptome reveals proliferative and proangiogenic potential. (A) PCA was performed on the transcriptomic signature of LYVE-1" B
cell (red dots) and LYVE-1- B cell (blue dots) isolated from siLP of 6 mice immunized for EAE at 7 DPI. (B) GSEA of LYVE-1" B cells transcriptome (n = 6 mice) shows
enrichment in gene related to inflammatory response (top panel, NES = —1.8, False discovery rate [FDR] = 0.0), activation of immune response (middle panel, NES
= —1.98, FDR = 0.002) and positive regulation of cytokine production involved in immune response (bottom panel, NES = —1.92, FDR = 0.002) compared to LYVE-
1% B cells. (C) GSEA of LYVE-1" B cell transcriptome of mice immunized for EAE at 7 DPI (n = 6 mice) demonstrates an enrichment in genes related to oxidative
phosphorylation (top panel, NES = 2.18, FDR = 0.0), MTORC1 signaling (middle panel, NES = 1.34, FDR = 0.0) and cell cycle (bottom panel, NES = 1.92, FDR =
0.0) compared to LYVE™ B cells. (D) Volcano plot showing differential gene expression between LYVE-1" and LYVE-1" B cells with p < 0.05 and fold change >2. (E)
Heatmap showing normalized expression (z-score) of selected gene count from transcriptomic analysis. (F) Expression level of CD73 in the indicated B cell pop-
ulations (n = 5 mice per group) extracted from the siLP of unimmunized (blue) and mice immunized for EAE at 7 DPI (red) depending on their expression of LYVE-1.
CD73 expression level was assessed by flow cytometry and bars represent the geometric mean fluorescence intensity (MFI) of CD73 staining. (G) Experimental design
of larazotide acetate (LA) treatment by oral gavage following EAE induction. (H) Expression level of CD73 among LYVE-1 positive B cells contained in siLP following
larazotide acetate or sham (H,0) treatment, as presented in (G) at steady-state or in mice immunized for EAE at 7 DPI (n = 9-10 mice per group). CD73 expression
level was assessed by flow cytometry and bars represent the geometric mean fluorescence intensity (MFI) of CD73 staining. Data from one experiment (A to F),
representative of two independent experiments (F) or were combined from two independent experiments with similar results (H). Symbols represent biological (F and
H) replicates. Mean + SD. *P < 0.05, **P < 0.01 and ***P < 0.001. Data were analyzed by ordinary one-way ANOVA with Tukey’s multiple comparisons test (F) or
Eunnett’s multiple comparisons test (H).

water, reaching a similar level to mice at steady-state (Fig. 5H). in vitro and that depletion of total B cells in vivo is sufficient to signifi-
Together, these results suggest that CD73 is upregulated in LYVE-1" B cantly decrease the abundance of LYVE-1" B cells, leading to the
cells in response to increased intestinal permeability after EAE reduction of siLP BEC and BEC-expressing vascular permeability marker.
induction. Therefore, we propose that LYVE-1" B cells initiate intestinal vascular

remodeling and expansion during early stages of EAE.

3.6. LYVE-1" B cells have proangiogenic properties 4. Discussion

Based on the specific enrichment of proangiogenic markers in LYVE- Great emphasis has been recently placed on the alteration of the GVB
17 B cell population isolated from EAE-induced mice, we hypothesized in multiple animal models, including liver disease, colorectal cancer,
that intestinal LYVE-1" but not LYVE-1" B cells promote angiogenesis and intestinal inflammatory diseases. However, investigations regarding
that we initially observed in the intestine. We used an adapted version of its involvement during autoimmune disorders and CNS inflammatory
the aortic ring assay to investigate the proangiogenic role of the LYVE- diseases are lacking [104-106]. In this study, we describe small intes-
17 B cells in vitro [53,54]. Aortic rings were stimulated for 3 days with tinal microvasculature remodeling in mice immunized for EAE prior to
basic fibroblast growth factor (bFGF) to promote endothelial cell neurological symptoms onset highlighted by an increase of intestinal
growth. After 3 days, growth factor-containing media was removed, and capillary diameter, an expansion of BEC numbers and an increased
fresh medium containing FACS-sorted intestinal LYVE-1" or LYVE-1' B expression of the vascular permeability marker PLVAP. Concomitantly,
cells from mice immunized for EAE at 7 DPI was added. We used media we observed an elevation of intestinal vascular permeability in immu-
alone or media complemented with bFGF as negative and positive nized mice. We further identify a subset of intestinal B cells expressing
controls, respectively, and checked that the aortic sprouting area was the surface marker LYVE-1 that promote intestinal angiogenesis and
similar in all conditions tested before sorted B cells were added (Fig. 6A perturb GVB. Altogether, our results strengthen the contribution of the
quantification and illustrative images). Following 5 days of co-cultures, gut-brain axis during neuroinflammation and suggest a role for B cells in
we observed a significantly increased aortic sprouting area in the pres- intestinal angiogenesis.
ence of LYVE-1" B cells compared to LYVE-1" B cells co-cultures and We show that immunization with CFA is the main driver of our ob-
negative control (Fig. 6B quantification and representative images). To servations that are not MOGss.ss-specific. As we observe similar changes
evaluate LYVE-17 B cells location, we stained LYVE-1" B cells and in intestinal angiogenesis and LYVE-1" B cell expansion in mice
LYVE-1" B cells after cell sorting separately with CFSE before co-culture immunized with PBS/CFA compared to MOG/CFA immunized mice.
with aortic rings. CFSE-labeled LYVE-1* B cells migrate close to Nevertherless this is relevant to EAE as CFA is required to induce active
sprouting endothelial cells and formed small aggregates in close vicinity EAE in mice. Previous studies have demonstrated that immunization
of the vessel (Fig. 6C), which is reminiscent of their in vivo localization. with MOGss.s5 emulsified in incomplete Freund’s adjuvant (IFA, lacking
LYVE-1" B cells were not observed close to sprouting endothelial cells. Mycobacteria) is inefficient at inducing EAE [107]. However, comple-

To further confirm the involvement of intestinal B cells and no other mentation of MOG/IFA immunization with Toll-like Receptor agonists,
cell types, including macrophages, in intestinal angiogenesis observed in such as LPS and, to a lesser extent, Zymosan or Poly L:C, restores
vivo in mice immunized for EAE, we depleted B cells with a monoclonal development of EAE in MOG/IFA-immunized mice [108]. Additional
anti-CD20 antibody or isotype control 7 days before EAE. siLP was data indicate that the presence of microbial-derived molecules such as
extracted at 7 DPI to assess the consequences of B cell depletion on  peptidoglycan can act as sufficient adjuvant when mice are immunized
endothelial compartments in siLP (Fig. 6D). We first confirmed that anti- with MOG/IFA [109]. The alteration of intestinal barrier integrity
CD20 antibody treatment efficiently depleted B220* CD19™" B cells in observed in CFA-immunized mice and subsequent dissemination of
the small intestine, blood, spleen and mesenteric lymph nodes (Fig. 6E microbial-derived molecules might represent a necessary parameter for
and representative FACS plot Fig. S4A), including intestinal LYVE-1" B the loss of self-tolerance towards a give antigen, MOGss.ss in the case of
cells compared to control mice (Figs. S4B-C). Depletion of intestinal B EAE. CFA is used in multiple protocols of experimental autoimmunity,
cells significantly decreased total BEC frequency in mice immunized for including experimental autoimmune myocarditis and collagen-induced
EAE, but not in unimmunized control mice (Fig. 6F). Furthermore, arthritis [110,111]. Interestingly, intestinal barrier dysfunctions are
PLVAP-expressing BECs were significantly decreased in mice immunized  reported to participate to disease pathogenesis in those models [112,
for EAE following anti-CD20 treatment compared to immunized mice 113]. Our results thus suggest that changes in the GVB and in
injected with isotype control (Fig. 6G). B cell depletion in immunized pro-angiogenic LYVE-1" B cells observed in the small intestine are not
mice could not completely revert BEC and PLVAP* BEC expansion. This solely restricted to central nervous system inflammation and could
indicates that while B cells participate in intestinal angiogenesis, they contribute not only to neuroinflammation but also to other autoimmune
are not the sole players in destabilization of the GVB. These results diseases in particular when the gut compartment is implicated.

indicate that intestinal LYVE-1" B cells possess proangiogenic properties
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Fig. 6. Small intestinal LYVE-1" B cells exhibit proangiogenic activity. (A) Quantification of the sprouting area (left panel) during aortic ring assay prior to co-
culture with LYVE-1" or LYVE-1" B cells isolated from siLP of mice immunized for EAE and representative images (right panels). NS: non-stimulated, LYVE-1": co-
culture of aortic ring with sorted LYVE-1" B cell, LYVE-1": co-culture of aortic ring with sorted LYVE-1" B cell, bFGF: Aortic ring stimulated with 20 ng/ml basic
fibroblast growth factor (bFGF) (n = 7 per group, siLP LYVE-1"and LYVE-1" B cell isolated from 5 mice immunized for EAE at 7 DPI). Results are normalized to the
mean sprouting area measured in NS condition. Scale bars represent 200 pm. (B) Quantification of the sprouting area (left panel) during aortic ring assay following 5
days of co-culture with FACS-sorted LYVE-1" and LYVE-1" B cells and representative images (right panels). Results are normalized to the mean sprouting area
measured in NS condition at the same time point. Scale bars represent 200 pm. (C) Representative image of CFSE-labeled LYVE-1" B cells migrating close to sprouting
endothelial cells during aortic ring co-culture assay. Red line outline sprouting endothelial cells. Scale bar represent 50 pm. (D) Experimental design for anti-CD20 or
isotype control antibody treatment prior to EAE induction. (E) Quantification of B cell frequency determined by flow cytometry (CD19*B220%) among viable CD45"
cells in blood, mesenteric lymph nodes (mLN), spleen and siLP (duodenum) of unimmunized controls (blue circles) and mice immunized for EAE at 7 DPI (red
squares) following treatment with anti-CD20 antibody (anti-CD20) or isotype control antibody (Ctl) (n = 5 mice per group). (F) Quantification of BEC (CD45 CD31"
podoplanin™) frequency isolated from siLP (jejunum) of unimmunized controls (blue) and mice immunized for EAE at 7 DPI (red) following anti-CD20 antibody
(triangles) or isotype control treatment (circles). (G) Quantification of PLVAP" BECs frequency in siLP of unimmunized controls (blue) and mice immunized for EAE
at 7 DPI (red) following anti-CD20 antibody (triangles) or isotype control treatment (circles) determined by flow cytometry. Data representative of two independent
experiments (A-G). Symbols represent biological (E-G) replicates. Mean + SD. *P < 0.05, **P < 0.01, ***P < 0.001 and *P < 0.0001. Data were analyzed by
grdinary one-way ANOVA with Holm-S$id4k’s multiple comparisons test (A, B, F and G) or two-way ANOVA with Sidak’s multiple comparisons test (E).

Upregulation of BEC proliferation-associated genes cyclin D3, a key among LYVE-1" B cells was found in the top 10 % gene with the highest

regulator of the transition from G1 to S phase during the cell cycle, and expression level, suggestive of intestinal hypoxia. We thus propose that
the transforming growth factor p (TGFp) superfamily co-receptor intestinal angiogenesis, promoted by hypoxia and inflammation, de-
endoglin observed in BEC at 7 DPI further support the ongoing prolif- stabilizes the GVB structure, reducing its capacity to maintain proper
eration of intestinal vasculature [114,115]. Endoglin expression is vascular permeability. In turn, systemic dissemination of gut-derived
linked to vascular remodeling, and its upregulation has been observed in pro-inflammatory molecules might promote bystander activation
tissues undergoing active angiogenesis [116]. Interestingly, a soluble and/or molecular mimicry on autoreactive immune cells and alter BBB
form of endoglin is increased in the serum of pwMS, together with other permeability, thus participating in CNS autoimmunity.
angiogenic factors [117]. Antiangiogenic treatments during EAE have We propose that one driver of intestinal angiogenesis are peri-
shown to be beneficial. Treatment targeting VEGF signaling (i.e., bev- vascular LYVE-1-expressing B cells. LYVE-1 is a hyaluronic acid (HA)
acizumab) during EAE reduces disease severity and attenuates demye- receptor whose expression has been reported in lymphatic vessels and
lination when started at EAE clinical onset [118]. However, data subsets of tissues resident macrophages, blood sinusoidal endothelial
regarding antiangiogenic treatment during the preclinical phase of EAE cells in the liver and the spleen, as well as non-sinusoidal endothelial cell
are lacking. Our results suggest that antiangiogenic treatment during the in the heart, lungs, and adrenal glands [125-127]. HA is a major
presymptomatic phase of EAE could enhance its efficacy by promoting component of the extracellular matrix. When transfected into 293T fi-
GVB integrity. broblasts in vitro, LYVE-1 mediates the internalization of HA, and has
A majority of proangiogenic growth factors initiate their action by thus been proposed to participate in HA tissue clearance and catabolism
promoting vascular permeability. Angiogenesis is associated with [128]. Furthermore, LYVE-1 is required for efficient DC lymphatic
increased vascular leakage, particularly in pathological conditions [119, trafficking from inflamed skin to draining lymph nodes [129]. DCs (and

120]. The observation of elevated serum LPS (50-100 kDa) in pwMS and other leukocytes) produce HA as a constituent of the cell glycocalyx
mice with EAE, as well as translocation of FITC-coupled BSA (66 kDa), [129,130]. Engagement of LYVE-1 with HA-coat promotes docking of

can be seen as circumstantial evidence of GVB injury, which fails to limit DCs on lymphatics and their subsequent transmigration, an interaction
macromolecule entry, including microbial-derived pro-inflammatory that can be exploited by HA-encapsulated pathogens, such as Group A
molecules [8,36,39]. Here, we report an upregulation of PLVAP protein streptococcus, to facilitate bacteria dissemination [129,131]. HA dis-
on siLP BEC and increased extravasation of Evans blue dye in the small plays dichotomous biological functions depending on its molecular
intestine after immunization, indicating that angiogenesis is concomi- weight. Under homeostatic conditions, HA forms polymeric molecules
tant with excessive vessel permeability. While it is unclear whether called high molecular weight (HMW) HA of up to several million Daltons
gut-derived pro-inflammatory molecules already enter the systemic [132]. During inflammation, HA accumulates in tissue, and its degra-
circulation at 7 DPI, dysbiosis and elevation of the marker of intestinal dation by hyaluronidases and reactive oxygen species produces low
inflammation calprotectin are apparent at this early time point [37, molecular weight (LMW) HA [133-135]. HMW HA exhibits
121]. Interestingly, calprotectin activates endothelial cells and increases anti-inflammatory properties, inhibits EC proliferation, and disturbs EC
monolayer permeability in vitro [122]. While the impact of intestinal monolayer in vitro, indicating antiangiogenic and regulatory effects
angiogenesis on GVB function is poorly characterized, intestinal BECs [136,137]. Conversely, LMW HA is proinflammatory and promotes EC
highly upregulate angiogenesis-related genes upon Salmonella typhimu- proliferation and migration in vitro and angiogenesis in vivo [138-142].
rium infection, which provokes GVB injury [43]. Furthermore, In the intestine, HMW HA has been shown to stimulate intestinal
concomitant intestinal angiogenesis and increased intestinal BEC epithelial cell proliferation, while inhibiting HA’s binding with its re-
permeability was shown in vivo using the DSS-induced colitis model or ceptors has the opposite effect [143]. Intestinal HA is increased in the LP
Clostridium difficile infection and in vitro culture of rat intestinal micro- during DSS-induced colitis and is found elevated in inflamed compared
vascular endothelial cells [52,123,124]. Together, those observations to noninflamed colon tissues of IBD patients [133,144]. Moreover,
indicate that intestinal endothelial cell proliferation, inflammation, and exogenous hyaluronan administration is beneficial in a
breach of the vascular barrier are concomitant and likely related to each TLR-4-dependent manner in DSS-induced colitis [144]. Additionaly,
other. It is conceivable that excessive intestinal epithelial barrier inhibition of HA sythesis is protective in the context of EAE [145].
permeability and low-grade microbial translocation induce immune cell Further investigations are warranted to ascertain whether intestinal HA
recruitment and activation, generating a hypoxic environment. This is metabolism is altered following EAE immunization, with the potential
supported by the high expression level of the Hypoxia-inducible Factors involvement of LYVE-1" immune cells.

l-alpha (Hifla) transcription factor observed among LYVE-11 and The role of B cells in MS is well established and B cell depletion is a
LYVE-1" B cells during transcriptomic analysis. While Hifla expression pivotal treatment of this disease as well as other systemic autoimmune
was enriched in LYVE-1" B cells, being in the top 5 % of the most disorders [146,147]. Multiple underlying mechanisms of B cells in
expressed gene based on our transcriptomic analysis, its expression promoting autoimmunity have been unraveled. We here propose a novel
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function of B cells in driving angiogenesis in the gut and disrupting the
GVB. Expression of LYVE-1 was described in different immune cell
subsets. LYVE-1T macrophages with proangiogenic properties were
identified in adipose tissues, dental pulp, and tumor microenvironment
and display a similar phenotype in the intestine during inflammation
[81-83]. Moreover, LYVE-1" macrophages have the ability to degrade
collagen content in vascular smooth muscle cells (SMCs), which requires
the engagement of LYVE-1 with HA on SMCs [148]. Regarding LYVE-1
expression among B cells, Takeda et al. demonstrated using
Lyvel-CRE/R26-tdTomato reporter mice that a considerable proportion
of lymph node and splenic B cells, as well as thymocytes, express Lyvel
[149]. However, leukocytes from this Lyvel™ lineage did not display cell
surface expression of LYVE-1 protein, consistent with our data on splenic
B cells during EAE [149]. The function of LYVE-1 in B cells is yet un-
explored and opens new area of research. CD44 is the closest homologue
of LYVE-1 [125]. In B cell, CD44-HA interaction promotes proliferation,
differentiation, chemotaxis and secretion of anti-inflammatory cyto-
kines [150,151]. Furthermore, HA stimulation enhances wound repair
potential of B cells through TLR4 in a CD19-dependent manner [152].
Inflammatory stimuli induce upregulation of HA synthesis in EC in vitro,
increasing monocyte adhesion through HA-CD44 interaction [153].
LYVE-1 might similarly promote B cell adhesion to blood EC, potentially
supporting paracrine signaling between EC and proangiogenic B cells.

Our transcriptomic and flow cytometric experiments on LYVE-1" B
cells reveal a proliferating phenotype expressing high levels of the ecto-
5-nucleotidase CD73. CD73 acts in concert with CD39 (detected in
LYVE-1"and LYVE-1" B cells in our transcriptomic analysis) to generate
adenosine from extracellular ATP [154]. Previous studies demonstrate
that adenosine has a proangiogenic effect in vitro by promoting endo-
thelial cell proliferation and migration and enhancing angiogenesis in
vivo [155,156]. In addition, targeting CD73 in a mouse model of breast
cancer abrogates tumor angiogenesis in vivo [157]. How CD73 expres-
sion is regulated in B cells is unclear, however its expression is induced
by hypoxia and inflammation in endothelial cells, T cells, and tumor
cells [158-160]. Interestingly, a recent report has identified a proan-
giogenic B cell subset characterized by surface expression of CD49b and
CD73, whose frequency was increased during chronic inflammation and
melanoma patients [96]. However, contradictory accounts exist
regarding implication of CD73 expression during EAE. While one study
reported a reduced immune cell infiltration in CNS and severity of EAE
in CD737/~ mice, an independent report observed no effect of CD73
deficiency on EAE pathogenesis [161,162]. The proliferative phenotype
of LYVE-1" B cells is also of interest when considering the recent iden-
tification of proliferative peritumoral B cells driving proangiogenic
response in a tumor-derived HMGB1-dependant manner, which we
found increased in LYVE-1" B cell transcriptome [95]. We demonstrate
here the proangiogenic potential of gut-derived LYVE-1" B cells in vitro
using an aortic ring assay co-culture where LYVE-1" B cells were able to
promote endothelial cell sprouting to a greater extent than their LYVE-1"
B cells counterpart. Furthermore, B cell depletion decreases the absolute
number of intestinal LYVE-1* B cells, siLP BEC, and reduces the
expression of PLVAP in BEC. Our results are in accordance with a recent
publication showing that B cell depletion during EAE improves BBB
integrity and reduces blood vessel dilation by promoting the expression
of gene pathways involved in neurovascular coupling from astrocytes
[163]. This further suggests a pivotal role of B cells in the maintenance
of vascular integrity during neuroinflammation.

Altogether, our results demonstrate that B cells support intestinal
BEC proliferation and promote alteration of vascular permeability
following EAE immunization. Our data indicate an expansion of
proangiogenic perivascular B cells characterized by LYVE-1 expression
displaying an overlapping phenotype with proangiogenic B cells
recently described in human pathologies, including during chronic
inflammation. While we demonstrate the proangiogenic properties of
LYVE-1" B cells in vitro and in vivo, the underlying mechanism however
remains to be determined that we could not address here. In particular,
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CD73 inhibition during presymptomatic EAE and its effect on intestinal
angiogenesis should be investigated. This approach would, however,
have its own pitfalls as CD73-derived adenosine also has immunoregu-
latory properties [164]. Thus, CD73 blockade would simultaneously
inhibit angiogenesis and exacerbate inflammation, thus challenging the
result interpretation. As we depleted the whole B cell population, and
not specifically the LYVE-1" B cell, we cannot exclude that LYVE-1" B
cells, which did not promote angiogenesis in the aortic ring assay,
indirectly impact the vascular compartment. Furthermore, other cell
types composing the GVB, namely enteric glial cells and pericytes, or
LYVE-1" macrophages, could be affected during EAE. Finally, it is
possible that LYVE-1" immune cell expansion and angiogenesis are
shared with other mucosal sites and are not restricted to the small in-
testine. Our results thus opens new avenues of research on interactions
of immune cells and angiogenesis in mucosal tissues during
autoimmunity.

In conclusion, we propose that the expansion of the vasculature in
the small intestine induces GVB destabilization, potentially promoting
systemic inflammation and potentially favoring tolerance breakdown.
Targeting intestinal immune cell induced-angiogenesis could lead to
promising approaches to target autoimmunity.
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