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In the human and veterinary fields, oral vaccines generate considerable interest. In dogs, these
vaccines are newly developed, and understanding their mechanisms is crucial. Mesenteric lymph
nodes (MLNs) and Peyer’s patches (PPs) are important sites for gastrointestinal mucosal induction,
yet canine MLNs lack sufficient information. To address this, we collected MLN samples from
healthy dogs, performed flow cytometry to characterize immune cells, and conducted single-cell
RNA sequencing (scRNA-seq) to explore subpopulations, particularly B and T lymphocytes. This
effort enabled the characterization of canine MLN’s main cell populations and the construction of a
predictive atlas, as well as the identification of particularities of this area.
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Oral vaccines have proven to be a convenient and effective method for combating mucosal pathogens in dogs, as
demonstrated by the success of vaccines targeting oral rabies' and B. bronchiseptica®. These vaccines target the
oral mucosa and the gut-associated lymphoid tissue (GALT) eliciting robust local mucosal immune responses.
The Peyer’s Patches (PPs) and mesenteric lymph nodes (MLNs) are key components of the inductive sites of
the GALT, initiating and amplifying immune responses’. However, while a complete characterization of canine
PPs has been recently published by our group*, details on canine MLN remain partially unexplored. Previous
studies on canine lymph nodes have largely focused on diagnostic techniques for tumor examination, such as
colonoscopy” or tomography®’. Moreover, flow cytometry has been employed to investigate specific cell markers,
such as lymphocytes® as well as in combination with myeloid cell markers’ or to detect canine CD4*CD8* double-
positive (dp) T cells'. Finally, canine MLNs shape and structure were briefly described almost forty years ago in
a study focusing on sensory nerves. This study provided valuable insights into the architecture of canine lymph
nodes, including the presence of germinal centers and medullary cords''. Nevertheless, there remains a need for
a more profound comprehension of the canine lymph node populations in a healthy state. Recent technological
advancements, notably in techniques like flow cytometry and single-cell RNA sequencing, have allowed us to
study immune cell markers and visualize B and T cell subpopulations within the MLNs. Our research enhances
our understanding of the mucosal immune system in dogs, while it also holds significant implications for various
areas such as canine oral vaccines, enteropathies, and the use of dogs as models for human diseases.

Materials and methods

Animals

The MLNs used in this study were obtained from healthy dogs housed in the animal facilities of Boehringer
Ingelheim Animal Health. These dogs, which had participated in prior research projects, provided the MLNs for
our study after those unrelated studies were completed. In particular, the dogs involved were all healthy females
beagles aged between 6 months and 1 year, and the previous procedures they underwent did not specifically
involve or directly affect their intestinal health. Specifically, two dogs MLNs were used for flow cytometry, and the
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MLNs of four dogs were used for the scRNA-seq experiments. The experimental protocol was designed in accord-
ance with French law (Decree Number 2001-464 29/05/01) and the recommendations of the European Economic
Community (86/609/CEE) for the care and use of laboratory animals (Permit No. #23498-2020010715103375).
The study has been reported in accordance with ARRIVE guidelines and is approved by the PLEXAN ethical
committee (Agreement Number D180801).

Sample processing and flow cytometry

The MLN from two healthy dogs from the animal facilities of Boehringer Ingelheim were sampled and processed
for flow cytometry. Briefly, the MLNs were sampled and minced, followed by dissociation with gentleMACS™
Dissociator (Miltenyi Biotec, 130-096-427). The resulting cell suspension was filtered, centrifuged, and resus-
pended in complete RPMI (Gibco™ 52400041). The cells were then layered onto a percoll density gradient (Cytiva,
17-0891-02), and the lymphocyte ring was collected. The cells were counted and plated in deep 96-well plates at a
density of 500,000 cells/well. Flow cytometry staining was performed as previously described®, using the surface
and intracellular antibodies listed in Table Supp. 1. The samples were analyzed using the CYTEK Aurora, and
the data obtained were analyzed with FlowJo version 10.8.1.

sc-RNAseq library preparation

For sc-RNAseq, MLNs from four healthy dogs from the animal facilities of Boehringer Ingelheim were sampled
and processed as described above. The scRNA-seq library preparation was performed following the manufac-
turer’s instructions using the Chromium Next GEM Single Cell 3’ Reagents kits v3.1 (10 x Genomics, USA).
Briefly, 20,000 cells were loaded into the Chromium Controller and the subsequent steps were carried out exactly
as previously described*. The libraries were sequenced, resulting in FastQ files containing sequenced reads cat-
egorized as Readl, Index and Read2.

Bio-informatic analysis

The bioinformatic analysis of the scRNA-seq data was carried out using the CLC Genomics Workbench V21
software. The Cell Ranger pipeline was utilized for preprocessing and downstream analysis, with the dog (Canis
lupus familiaris) genome (Ensembl ROS_Cfam_1.0; GCA_014441545.1) as the reference. The reads underwent
demultiplexing and trimming, followed by mapping against the Canis lupus familiaris genome and quality control,
as previously detailed*. Clustering was performed using principal component analysis (PCA) and visualized using
the UMAP plot Leiden resolution of 0.3 and annotation was performed using databases such as CellMarker and
PanglaoDB. Downstream analysis involved identifying cell subpopulations through marker gene expression,
leading to the design of an immune cell atlas of the MLNG.

Results

Flow cytometry analysis was performed on samples gated based on the expression of CD3" for T cells and CD21*
for B cells, exhibiting the mean frequency (%) of parents of the two animals (Fig. 1). The isolated lymphocytes
comprised 49.95% T cells and 36.3% B cells. Among T cells, they were further categorized into CD4* T helper
cells (74.4%) and CD8" cytotoxic T cells (13.3%), with a very small population of dp CD4"CD8* T cells (1.16%).
Bcl6 was used as a marker to identify follicular cells while FOXP3 to identify a regulatory phenotype of T helper
cells. However, the expression of Bcl6 in both T and B cells was barely detectable (Fig. 1). Meanwhile, the expres-
sion of FOXP3" was present in 11.1% of the total T helper cells.

Next, in-depth analysis was performed using sc-RNASeq at the gene level. Clustering analysis identified nine
distinct clusters based on gene expression differences (Fig. 2A). Known canonical cell type-specific markers
were manually annotated to identifypro specific cell types within each cluster (Fig. 2B). The mesenteric lymph
node contained seven identified cell types, including T cells, B cells, plasma cells, natural killer (NK) cells, ILCs,
epithelial cells, and fibroblasts (Fig. 2B). These cells were annotated using the same expression markers that were
previously employed for the annotation of canine Peyer’s patches®. B cells were annotated based on the expres-
sion of CD19, MS4A1 (encoding CD20), CD79A and CD79B. T cells were annotated based on the expression of
CD3D/CD3E and LCK (lymphocyte-specific protein tyrosine kinase). In addition, plasma cells were annotated
based on the expression of B cell markers and SDC-1 (CD138)'*!?, Furthermore, NK cells were annotated based
on the expression of NKG7, GZM, PRF1, CD2 and CD160'>'*. Epithelial cells were characterized by epithelial
cell adhesion molecule (EpCAM) expression, and fibroblasts were annotated based on PDGFRA expression'*.
ILCs were annotated as CD45" cells (expressing protein tyrosine phosphatase, receptor type, C “PTPRC”) that
lack the expression of distinct T-cell and B-cell and other immune cell lineage-specific markers but with specific
expression of IL7R (CD127)". Overall, ~ 99% of the cells were successfully annotated, however no myeloid cells
were captured in the dataset.

T cells represented 48.7% of the total detected cells and CD4* T cells accounted for the majority, representing
approximately 88% of total T cells. CD8* T cells comprised 7%, and the remaining CD3"* cells did not exhibit
clear CD4 or CD8 expression. Further exploration to delineate subpopulations revealed that a large proportion
expressed both CCR7 and CD62L, indicative of central memory T cells (Fig. 3A). These CCR7* CD62L* CD4*
T cells represented the largest population of T cells (55%) and could be categorized as central memory T cells'.
Another subpopulation of CD4 T cells expressing ICOS, PD-1 and/or CXCR5 was annotated as T-follicular helper
cells (TFH cells), as these were lineage-specific markers known to delineate the TFH cells'>'”. Based on the rela-
tive expression of the above markers, we had 2 subpopulations of TFH cells: ICOS* PD-1* CXCR5" TFH cells
(18%) and ICOS* PD-1'/~ CXCR5'"/~ TFH cells (14%). A small subpopulation of CD4 T cells (1.5%) expressed
TOP2A, PCLAF and MCMS5 which were markers of cell proliferation or cell cycle (17) and were annotated as
proliferating CD4 T cells. Other CD4 T cells represented only 0.1% of the total T-cell population; the phenotype
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Fig. 1. T and B cell populations of the canine MLNs by flow cytometry. Proportions of T and B cells: T cells
accounted for 49.95% and B cells for 36.3% of the cell population analyzed. T cells were further separated
into CD8" and CD4%, and 11.1% of CD4" T cells had a regulatory phenotype-FOXP3. Moreover, none of the
analyzed cells expressed Bcl6.
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Fig. 2. Clusters and cell-type classification by sc-RNAseq. (A) Cluster classification: 9 clusters were identified
with a Leiden resolution of 3.0, making it possible to classify different cell populations. (B) Cell populations
identified: 7 cell populations were identified on the basis of gene expression profile. T cells, B cells, and plasma
cells predominated. (C) Marker expression: the expression of markers such as CD20, CD3G and NKG7 were
visualized across the identified clusters, facilitating cell type identification.

of these cells could not be specifically delineated (Fig. 3A). B cells were annotated based on the expression
CD19, CD20, CD79A and/or CD79B, and were detected for approximately 36% of the total cell population and
four subtypes were identified (Fig. 3B). Firstly, a subpopulation of B cells was found to be FCER2* (encoding
CD23) CXCR5" and these cells were putatively annotated as follicular B cells'®. A second population of B cells
expressed AICDA which defines cells potentially undergoing affinity maturation'”. Some of these cells expressed
proliferation markers (TOP2A and PCLAF) together with the AICDA, indicative of proliferative germinal center
(GC) cells, and these were defined as dark zone (DZ) germinal center B cells'®. The other AICDA" cells did not
express proliferation markers and were categorized as GC light zone (LZ) B cells since they expressed AICDA
and CXCRS5, indicative of GC cells potentially interacting with TFH cells in the light zone'®. A third population
of B cells represented proliferating B cells which expressed proliferation markers (without AICDA and CXCRS5).
Overall, in the mesenteric lymph nodes, the subtype distribution of a total of 5.770 B cells was 57% follicular B
cells, 16% dark zone GC B cells, 14% light zone GC B cells, and 8.5% proliferating B cells (Fig. 3B). Finally, an
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Fig. 3. B- and T-cell subpopulations, and the canine MLs atlas. (A) T-cell subpopulations: the distribution of
different T-cell subpopulations is presented as a pie chart, with the corresponding percentages and example

of marker expression of CCR7 and CD62L are shown (B) B-cell subpopulations: the distribution of different
B-cell subpopulations is shown as a pie chart, with the corresponding percentages and example of marker
expression of JCHAIN and CCR10 are shown (C) MLN Atlas: We propose an annotation of the immune cells
identified within clusters, based on the specific expression patterns of marker genes. Abbreviations: CCR7, C-C
chemokine receptor type; CD62L, cluster of differentiation 62 L-selectin; CXCR5, C-X-C chemokine receptor
5; DZ, dark zone; EpCAM, epithelial cell adhesion molecule; GC, germinal center; ILC3, innate lymphoid cells
group 3; LZ, light zone; NK, natural killer cells; PD-1, programmed cell death protein 1; TFH, T follicular helper
cell. CD62L, cluster of differentiation 62 L-selectin; CCR7, C-C chemokine receptor type; CXCR5(lo), C-X-C
chemokine receptor 5 (low); ICOS, inducible T-cell costimulator; PD-1(lo), programmed cell death protein 1
(low); TFH, T follicular helper cells.

immune cell atlas based on the identified populations and subpopulations was developed to provide an overview
of the immune cell types and subtypes present in the mesenteric lymph nodes of healthy dog (Fig. 3C).

Discussion

We have successfully characterized for the first time the main population of the mesenteric lymph nodes in the
dog, which play a crucial role in the induction and amplification of immune responses within the GALT?. Our
observations revealed that canine mesenteric lymph nodes are predominantly populated by CD4 T cells, with a
reasonable proportion of CD8 T cells. A recent study has reported the CD4 T cells from the mesenteric lymph
node to be predominantly of the ICOS" CXCR5* TFH and CCR7* CD62L* central memory phenotypes in
human'é. Interestingly, this is in concordance with our results as we have observed these two CD4 T-cell phe-
notypes to represent more than 70% of the CD4 T cells. In contrast, in canine Peyer’s patches, the proportion of
these two cell populations is lower, accounting for less than 30%*.
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Similar to our findings in the study of canine Peyer’s patches®, the analysis of protein levels using flow cytom-
etry and gene expression levels using sc-RNAseq allowed us to obtain comparable results regarding the pro-
portions of B and T cells, as well as the subpopulations of T helper and cytotoxic T cells. However, the specific
population of dp CD4* CD8" T cells was barely undetectable by flow cytometry (1.16%) and not detected by gene
expression in sc-RNAseq. This aligns with previous observations by Rabiger et al., where the percentage of dp T
cells in mesenteric lymph nodes was lower than 1% compared to Peyer’s patches (3%). The small population size
may explain why it was not detected by sc-RNAseq. Similarly, innate cells were not detected in canine mesenteric
lymph nodes, as seen in the study of canine Peyer’s patches and other studies, indicating that previous enrichment
techniques would be necessary*'?. Interestingly, NK cells were detected in canine MLNs, while the same mark-
ers (CD2, CD160, GZM, and PRF-1) were also detected in canine Peyer’s patches. However, the simultaneous
expression of CD8 in this population prevented its classification as NK cells, unlike in mesenteric lymph nodes*.

We identified key zones in mesenteric lymph nodes, such as germinal centers with distinct dark and light
zones, based on the expression of specific genes by cell populations. However, further verification of the struc-
ture and distribution of these zones is required using immunofluorescence. Follicular cells, crucial in germinal
centers, were identified using markers such as ICOS, PD-1, and/or CXCR5. CXCR5, in particular, facilitates B
cell trafficking to the follicle in response to CXCL13 (18).

Flow cytometry analysis revealed the absence of Bcl6 expression, which was further confirmed by sc-RNAseq.
Bcl6 is a transcription factor that commits CD4 T cells to the Tth phenotype® and plays a critical role in B cell
differentiation and germinal center development?'. Particularly, Bcl6 plays an essential role on the interaction
of B and T cells inside the follicle leading to GC formation?”. Notably, a recent article demonstrated that in
COVID-19, the loss of germinal centers coincides with the depletion of Bcl-6" B cells and impaired Bcl6* Tth
cells®. However, the implications of the absence of Bcl6 expression in canine lymph nodes remain unknown,
especially considering its presence in canine Peyer’s patches and the expected migration between these areas.

Overall, this study provides an overview of the main cell populations in the canine MLNs, highlighting the
prominence of T and B cells and the lack of innate cell discovery. It also raises new research questions: What
are the implications of the absence of Bcl6 expression? Which other transcription factors are involved in the
development of T follicular cells in canine lymph nodes?
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