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Lymph nodes (LN) are the crossroad where naive lymphocytes, peripheral antigens and
antigen presenting cells contact together in order to mount an adaptive immune response.
For this purpose, LN are highly organized convergent hubs of blood and lymphatic vessels
that, in the case of B lymphocytes, lead to the B cell follicles. Herein take place the
selection and maturation of B cell clones producing high affinity antibodies directed
against various antigens. Whereas the knowledge on the murine and human LN
distribution systems have reached an exquisite precision those last years, the
organization of the antigens and cells circulation into the inverted porcine LN remains
poorly described. Using up to date microscopy tools, we described the complex
interconnections between afferent lymphatics and blood vessels, perifollicular
macrophages, follicular B cells and efferent blood vessels. We observed that afferent
lymphatic sinuses presented an asymmetric Lyve-1 expression similar to the one
observed in murine LN, whereas specialized perifollicular sinuses connect the main
afferent lymphatic sinus to the B cell follicles. Finally, whereas it was long though that
mature B cells egress from the inverted LN in the T cell zone through HEV, our
observations are in agreement with mature B cells accessing the efferent blood
circulation in the efferent, subcapsular area. This understanding of the inverted porcine
LN circuitry will allow a more accurate exploration of swine pathogens interactions with the
immune cells inside the LN structures. Moreover, the mix between similarities and
differences of porcine inverted LN circuitry with mouse and human normal LN shall
enable to better apprehend the functions and malfunctions of normal LN from a
new perspective.

Keywords: swine (source: MeSH NLM), lymph node (LN), endothelial cell (EC), follicle, B lymphocytes, second
harmonic generation (SHG), fluorescence imaging (FLI), whole organ imaging

INTRODUCTION

Lymph nodes (LN) are the essential headquarters of the adaptive immune response initiation. Upon
infection, free or dendritic cell-associated antigens are drained from peripheral tissues to LN
through the afferent lymphatics, while naive blood borne effector T and B lymphocytes reach LN
through high endothelial venules (HEV) situated in the LN T cell zone (TZ). Antigen bearing DC
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and T cells encounter each other in the TZ of the LN. In the same
area, naive B cells are pre-activated upon encounter of their
cognate antigen. However, for full activation and to fulfill their
complex maturation process, pre-activated B lymphocytes must
then migrate into the B cell follicle, where follicular helper T cells
(Tth) and follicular DC (FDC) accompany the B cell maturation.
This process encompasses the centroblasts step, in which B cells
experience B cell receptor hypermutations leading to variations
of antibody affinity, and the emergence of B cells expressing
antibodies with higher affinity to their cognate antigen. These
high-affinity antibodies-expressing B cells are selected by FDC/
Tth interactions. Selected B cell then mature to centrocyte,
plasmablast and finally plasmocyte [for review see (1)].
This follicular-maturation process is mandatory for the
development of B cell-clones producing high-affinity
neutralizing antibodies, which are an indispensable weapon of
the anti-microbial responses.

B cell maturation requires the presence of the cognate-
antigen, and thus the translocation of soluble antigens from
afferent lymph to B cell follicle. In mouse, this process is taken in
charge by subscapular sinus macrophages (SCS M6) (2, 3). In
mouse, LN circuitry is composed of sinuses and venules
constituted by, respectively, lymphatic (LEC) and blood (BEC)
endothelial cells. In addition, the LN core is served by collagen
conduits surrounded by fibroblast reticular cells (FRC) (4, 5) that
connect subcapsular sinus to high endothelial venules (HEV),
[for review see (6)].

To escape the adaptive immune response, pathogens are
known to inhibit several initiation steps occurring in the LN.
For instance, in mouse, Staphylococcus aureus, Streptococcus spp,
influenza A virus and vaccinia virus alter the SCS M6/B cell
follicle interface (7). In swine, at least two economically
important pathogens, the porcine circovirus 2 (PCV2) and the
porcine reproductive and respiratory syndrome virus (PRRSV)
escape the adaptive immune response by altering the B cell
development (8). One hypothesis among others is that these
alterations occur in the LN, although the exact mechanisms
involved remained unknown. A better understanding of the
porcine LN should facilitate the exploration of PCV2 and
PRRSV actions on the initiation of the immune response.

Porcine LN possess the peculiarity to be ‘inverted’ compared
to murine or human LN (9, 10). For an intelligible scheme of this
inverted structure please refer to the Figure 2 of reference (11). In
swine the afferent lymph diffuses from the center to the periphery
in a centrifugal path, conversely to murine and human LN which
present a centripetal lymph flow. This lead to the positioning of
the porcine B cell follicles in the depth of the LN. Moreover,
mature T and B lymphocytes directly exit from the LN through
blood vessels, leading to the intriguing hypothesis that in porcine
LN, naive and mature lymphocytes use the same HEV to
respectively enter and exit the LN (12).

In a previous study (13) we defined three macrophage
populations of the porcine inverted LN: i) the peri-follicular
macrophages (pfM0) though to be the porcine counterpart of the
murine SCS M6 because of their location in contact with the B
cell follicle, ii) the cord M0 similar to the murine medullary cord
M6 and iii) the efferent MO (effM0), situated at the periphery,

before the exit of the porcine LN, and equivalent to murine
medullary sinus MB. We also described the follicular B cells
maturation steps.

Hither, using a fluorescent microscopy descriptive
approaches we revisited the previous studies dating from the
80s (9, 10, 14-19) by investigating the potential intra-nodal
distribution routes of naive lymphocytes and peripheral
antigens as well as the route of exit of antigen-activated mature
B lymphocytes.

MATERIAL AND METHODS
Collect, Freezing, Cutting of the LN

Four-month-old healthy conventional Duroc pigs were
euthanized and necropsied. One or two tracheobronchial
lymph nodes were collected on 5 different animals and snap-
frozen in nitrogen cooled isopentane. Frozen samples were cut
into 10-um-thick serial coronary sections for Hemalun-Eosin-
Saffran routine staining or stored at -80°C for further
immunohistochemistry analysis.

All the animal experiments were authorized by the French
Ministry for Research (authorization no. 2020062915381908/
APAFIS 26250v3) and approved by the Pays de Loire
ethics committee.

Immunohistochemistry Labelling

Frozen LN sections were thawed at room temperature (RT) and
then fixed and permeabilized in cold (-20°C) 1:1 acetone/
methanol (V/V) for 20 minutes (min) in the freezer. The fixed/
permeabilized sections were then washed in PBS/0.5% Tween 80
(PBS/Tween), and incubated in 50 mM NH,CI in order to
decrease the tissue autofluorescence background. After washing
in PBS/Tween, sections were saturated using blocking buffer
(PBS/Tween, 5% swine serum and 5% donkey serum) for 30 min
at 4°C and then stained by incubating with different
combinations of primary antibodies described in Table 1,
overnight at 4°C in a humidity chamber. After PBS/Tween
washing, secondary antibodies (anti-mouse IgG1-Alexa Fluor
488, anti-mouse IgG2a-Alexa Fluor 488, anti-rat Alexa
Fluor 488, anti-rabbit Alexa Fluor 555, anti-mouse IgG2a-
Alexa Fluor 555, anti-mouse IgGl-Alexa Fluor 555, anti-
mouse IgGl-Alexa Fluor 647, anti-mouse IgG2b-Alexa Fluor
647, anti-rat Alexa Fluor 647, all from Thermofisher Scientific,
Waltham, Massachusetts, USA) related to the combination of
primary antibodies, and diluted 1/200 in blocking buffer were
added for 1 hour (h) at 4°C. When using 2 mouse IgGl
antibodies on the same slide, one of the IgGl1 directly coupled
to a fluorochrome (anti-Ki67 Alexa Fluor 555, anti-CD790 Alexa
Fluor 647 or anti-CD21-FITC) was added for 1 h at 4°C as third
staining step following the secondary-coupled antibodies.
Between the secondary and the IgGl fluorochrome-coupled
antibodies, the isotype IgGl control (1/20 in blocking buffer)
was added as saturation step. After the last antibody incubation
step, sections were washed in PBS/Tween, fixed in 4%
paraformaldehyde and stained with 2 pg/mL 4',6-diamidino-2-
phenylindole (DAPI, Sigma-Aldrich, St. Louis, MO, USA),
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washed in PBS/Tween and mounted in Mowiol 4-88 mounting
medium (Sigma-Aldrich, St Quentin Fallavier, France).

Images were acquired using a slide scanner (Axio Scan Z1,
Zeiss, Jena, Germany) with fluorescence, and brightfield imaging
modes (objective used was a Plan Apochromat 10x). Brightfield
imaging was performed with LED illumination and Tri-CDD
Hitachi camera detection. Fluorescence imaging was performed
with i) XCITE LED FIRE illumination, ii) emission Band Pass
(EM BP 445/50 (DAPI), EM BP 525/50 (Alexa Fluor 488), EM
BP 605/70 (Alexa Fluor 555), EM BP 690/50 (Alexa Fluor 633).

Whole LN iDISCO Clearing Pretreatment
iDISCO+ clearing protocole (20) and immunolabeling were
performed on a small whole lymph node (10x7x3mm’) and
thick section of a large lymph node (10x5x2 mm®). Lymph nodes
were fixed in PBS/4% PFA at 4°C, overnight with shaking, then
washed in PBS at room temperature (RT) 30 min, 3 times.
Sample dehydration was performed using methanol in water
increasing concentration serial solutions:20%, 40%, 60%, 80%,
100%, 1 h each. Thereafter, dehydrated samples were washed for
1h in 100% methanol followed by overnight incubation, with
shaking, in 66% dichloromethane (Sigma-Aldrich)/33%
methanol at RT. Then samples were washed twice in 100%
methanol at RT. Sample bleaching was done in chilled fresh
5% H,0, in methanol (1 volume 30% H,O, to 5 volumes
methanol), overnight at 4°C. Then sample rehydration was
obtained using methanol in water decreasing concentration
serial solutions: 80%, 60%, 40%, 20%, 1 h each at RT and
washed twice in PBS 0.2% tritonX100 at RT 1 h.

Whole LN iDISCO Immunolabeling

The used protocol was adapted from (13). Briefly, samples were
incubated for 2 days at 37°C in permeabilization solution (0.2%
Triton, 20% DMSO, 0.3M Glycine, 0.05% sodium azide in PBS),
then incubated for another 4 days at 37°C blocking solution
(0.2% Triton, 10% DMSO, 6% goat serum, 6% swine serum,
0.05% sodium azide in PBS). Primary antibodies (anti-CD169,
mouse IgG2a and anti-CD31, mouse IgGl (Table 1) were

incubated for 7 days at 37°C in staining solutions (PBS/Tween,
0.01% sodium azide, 10 pg/mL heparin, 10% DMSO, 3% horse
serum, 3% swine serum, 100 pg/mL saponin in PBS). Samples
were washed in PBS 0.1% tween 80, for 4-5 times, during 2 days
at RT. Secondary antibodies [anti-mouse IgG2a-Alexa Fluor 488,
and anti-mouse IgG1-Alexa Fluor 555 (Table 1)] were incubated
in staining solution for 7 days at 37°C. Finally, samples were
washed 5 times at RT during 2 days in PBS/tween, 10 ug/
mL heparin.

Whole LN iDISCO Clearing

Immunolabelled sample was dehydrated using methanol in
water increasing concentration serial solutions: 20%, 40%, 60%,
80%, 100%, for 1h each step at RT followed by an overnight with
66/33 (v/v) dichloromethane/Methanol. Then, methanol was
washed-off from the samples by immersion with shaking in
100% dichloromethane for 20 min at RT repeated two times,
and as final step samples were stored in DiBenzyl Ether (DBE,
Sigma-Aldrich) at RT.

Whole LN Acquisitions

Whole cleared LN acquisitions were performed using the
UltraMicroscope II (LaVision Biotec, Bielefeld, Germany)
coupled with a superK EXTREME (NKT photonics,
Southampton, UK) Supercontinuum laser. This laser emits a
white light that cover the whole visible spectra. Excitation
wavelength was selected with band pass filters (560/40) and
converted as a light sheet of 4 um thickness. Z-stacks (4 pm
steps). Fluorescence (emission filter 620/60) were taken with a 2x
Olympus objective (NA: 0.5) covered with a 6.5 mm WD cap
(geometric aberration corrected, Lavision Biotec) plus a X 0.8
optical zoom (spatial resolution: 3.58 x 3.58 x 4 um). Confocal
microscope was a LSM780 (Zeiss) with an objective lens 20x and
dual sequential excitation at 488 nm and 561 nm.

Multiphoton microscope was an A1IRMP+ (Nikon Europe
B.V., Amsterdam, Netherlands) with NDD GaAsP detectors, an
objective lens apochromat 25x MP1300 (NA 1.10, WD 2.0 mm)
and dual excitation at 960 nm and 1040 nm (Insight Deepsee

TABLE 1 | Antibodies used.

antigen clone species isotype fluo dilut°® supplier

Bclé K11291 mouse lgG1 none 1/100 BD Pharmingen

Blimp-1 3H2-E8 mouse lgG1 none 1/100 Thermofisher

CD21 B-ly4 mouse lgG1 none 1/100 BD Pharmingen

CD21 B-ly4 mouse IgG1 FITC 1/10 BD Pharmingen

CD31 LCl-4 mouse 1gG1 none 1/100 BIORAD

CD79a HM57 mouse lgG1 AFB47 1/10 Thermofisher

FRC ER-TR7 mouse lgG2a none 1/100 BIORAD

Ki67 B56 mouse lgG1 AF555 1/10 BD Pharmingen
veCadherin polycl rabbit I9G none 1/100 Santa Cruz

Lyve-1 polycl rabbit / none 1/100 Abcam

Pax5 1H9 rat lgG2a none 1/100 Thermofisher

CD8a PT81B mouse lgG2b none 1/50 WSU

CD11c 3A8 mouse 1gG1 none 1/100 I. Schwartz (INRAE, Jouy)
CD169 1F1 mouse lgG2a none pure J. Dominguez (INIA, Madrid)
IgM Pg145A mouse IgM none 1/100 Thermofisher

MHC-II MSA3 mouse lgG2a none 1/200 WsU
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laser tunable in the 680-1300 nm range, Spectra Physic, Didcot,
UK). The set up used for multiphoton imaging was described in
(21). From 960 nm excitation, forwarded Second Harmonic
generation was acquired in blue channel using a 400-492nm
bandpass filter (SEMRock, Rochester, NY, USA) and 2 Photon
fluorescence of Alexa Fluor 488 was acquired in green channel in
backward using a 525/50 nm filter (SEMRock). From 1040 nm
excitation, 2 Photon fluorescence of Alexa Fluor 555 was
acquired in red channel in backward using a 575/25
filter (SEMRock).

Analysis

2D epifluorescence images were proceeded using ZEN 3.3 blue
software (Zeiss). 3D acquired from confocal and multiphoton
microscopes were proceeded using NIS-Elements software
package. (5.30.03 Nikon Instruments Inc., Nikon Europe B.V,,
Amsterdam, Netherland). 3D Images acquired from light sheet
were proceeded using Imaris software (9.1.2, Oxford
Instruments, Abingdon, UK).

Data were analyzed using the GraphPad Prism v5.0 statistical
software package (GraphPad Software, La Jolla, CA, USA). Since
the data were non normally distributed (normality tested using
Shapiro-Wilk test) the non-parametric Mann-Whitney test has
been chosen. Significance is depicted (** p<0.01, **** p<0.0001).

RESULTS

Location and Orientation of the

B Cell Follicles

HES staining of LN sections allowed to identify branched
eosinophilic structures characteristic of the previously
described trabeculae (Figure 1A) (11, 22). Using serial
immunolabelled sections for CD169 and CD21, two respective
markers of the effMO and the immature B cell, associated with
DAPI-nuclear counterstaining (Figure 1B), these trabeculae
appeared as dark areas, with a low cell density compared to
the rest of the LN parenchyma. Trabeculae are originating from
the afferent area and extend to the efferent area. Figures 1A, B
illustrate that porcine LN trabeculae serve the efferent area
occupied by CD169°*° efftMB (13). Strikingly, all the B cell
follicles lied along trabeculae (Figure 1B). Because mouse and
human LN area are named according to their location in the LN
(cortex, paracortex, medulla), porcine immunologists used the
same denomination for functionally similar structures, what lead
to some confusion, with for instance a porcine LN cortex situated
in the center and a medulla in the periphery (11). In order to
avoid ambiguity, and to ease the comparison with ‘normal’ LN
from mice and humans, here are defined the different porcine LN
area with a functional naming: we are naming B cell Zone (BZ)
the central area containing the B cell follicles (F), in close contact
with the trabeculae. BZ is equivalent to the mouse and human
LN cortex. We are naming T cell Zone (TZ) the area that extends
from the BZ to the subscapular efferent area containing CD169"
effM6 in pigs. TZ is also named paracortex in murine and human
LN. The efferent area, or medulla, is peripherally lined by the

Trabeculae (Tb) %
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FIGURE 1 | Main features of swine inverted LN in HES and B cells/macrophage
immunofluorescent staining on consecutive sections. Consecutive 10 um thick
sections of a tracheobronchial LN were stained using (A) HES or (B) anti-CD21
(red) and anti-CD169 (green) antibodies and DAPI nuclear staining. Dotted white
lines delimited Trabeculae (Tb), dashed yellow lines delimited the efferent area (Eff
Area). F: B cell Follicle. Aff area, Afferent area; Eff area, Efferent area. Whole LN
pictures are individual images from 10x objective acquisitions, scale bar 1000
um. Images are representative of 3 LN from different animals.

efferent sinus, which is in a subcapsular location in the inverted
swine LN (Figure 1).

Porcine LN Endothelial Cells

To identify LN endothelial cells, porcine consecutive LN sections
were labelled with an antibody against the pan-endothelial marker
CD31. In human, CD31 is more highly expressed on blood
endothelial cells (BEC) than on lymphatic endothelial cells
(LEC) (23). Two additional endothelial markers presenting more
restrictive expressions were used: veCadherin is mainly expressed
on BEC but also on some LEC (24), and Lyve-1 is expressed on
discrete peripheral LEC in mouse (25) and human (26-28). Since
only polyclonal rabbit antibodies were available against both
veCadherin and Lyve-1, consecutive sections were used in order
to compare their respective locations. Anti-CD31 antibodies
labelled vessels, also labelled for veCadherin and localized in the
TZ, in agreement with an HEV identity (Figure 2A, red arrows).
Difterent, CD31+/veCadherin- cells surrounded trabeculae. These
CD31+ cells were themselves contiguous to a Lyve-1 distinctive
staining (Figure 2B, respectively pink and yellow arrows). These
peritrabecular structures were devoid of veCadherin expression
(Figure 2A). Peritrabecular endothelia presented extensions into
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Images are representative of 3 LN from different animals.

the efferent area that were co-labelled for CD31 and Lyve-1
(Figure 2B, joined pink/yellow arrows). In the efferent area,
CD31+/veCadherin+ vessels can be observed (Figure 24, light
blue arrows). Finally, a thin peripheral Lyve-1+/CD31+ labelling
was observed, corresponding to the efferent sinus (Figure 2B,
violet arrow). This efferent sinus expressed low levels of veCadh
(Figure 2A, violet arrow).

B Cell Follicles and Trabecular

Lymphatic Sinus

According to the gross orientation of whole LN images (Figures 1A,
B), and in agreement with previous work (11, 22), trabeculae

m) Peri-trabecular
CD31+EC

B Efferentarea
veCadh+ EC

®» Peri-trabecular
Lyve-1+EC

=) Efferent sinus
Lyve-1+/veCadh'*¥ EC

FIGURE 2 | LN vessels and sinuses are delimited by endothelial cells expressing different levels of CD31, veCadherin and Lyve-1. Consecutive 10 pm thick sections
from the same LN as in Figure 1 were stained with (A) anti-CD169, anti-veCadherin, anti-CD31 antibodies and DAPI or (B) anti-CD21, anti-Lyve-1, anti-CD31
antibodies and DAPI. Tb, Trabeculae; Eff Area, efferent area. F: B cell Follicle. Red arrows: T cell area veCadherin®® vessels, pink arrows: Trabecular CD31P°°
endothelial cells, yellow arrows: Trabecular Lyve-1P°® endothelial cells, double pink/yellow arrows: efferent area sinus endothelial cells, blue arrows: efferent area
veCadherin®®® vessels, violet arrows: efferent sinus Lyve-1P°*/veCadherin®®® endothelial cells. The right pictures numbered 1 and 2 in A) and 3 and 4 in B) referred to
enlargements of the framed regions 1 to 4 on the left large pictures. Whole LN pictures are individual images from 10x objective acquisitions, scale bar 500 pm.

support afferent peritrabecular sinuses. Using higher resolution
imaging, it could be observed that the endothelium surrounding the
trabeculae was composed of two distinct sheets since CD31 and
Lyve-1 staining were not superimposed but alongside each other,
delimiting a peritrabecular sinus (Figure 3A). The floor of this
peritrabecular sinus, in contact with the trabeculae, expressed CD31
whereas the ceiling of the peritrabecular sinus, in contact with the B
and T cell zones expressed Lyve-1 (Figure 3A). This peritrabecular
sinus contained CD1697** macrophages (Figure 3A, light blue
arrows), CD11cP*/MHC-11"¢" DC (Figure 3B, light green
arrows), as well as Pax5P* cells (Figure 3C, light yellow arrows),
likely recycling centrocytes (29).
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FIGURE 3 | Trabecular lymphatic sinus and B cell follicles relative positioning 10 pm thick sections of a tracheobronchial LN were stained using (A) anti-CD169, anti-
Lyve-1, anti-CD31 antibodies and DAPI; (B) anti-CD11c, anti-Lyve-1, anti-MHC-II and DAPI; (C) anti-Pax5, anti-Lyve-1, anti-Bclé and DAPI, (D) anti-CD169, anti-
Ki67, anti-CD21 and DAPI; (E) anti- CD21, anti-Ki67, anti-Pax5 and DAPI; (F) anti- Pax5, anti-Ki67, anti- Bcl6 and DAPI. F, follicle; Tb, Trabeculae; pfM8, perifollicular
macrophages. Light blue arrow: CD169°°% macrophages, light green arrows: CD11c”°%/MHC-II"" dendritic cells, light yellow arrows: centrocytes. (A, B), scale bar
50pum, (C-F) scale bar 100um. Whole LN pictures are individual images from 10x objective acquisitions. Images are representative of 3 LN from different animals.

Inside follicles, Ki67P°/CD21'°" centroblasts were present on
the side surrounded by pfM6 (Figure 3D) as previously reported
(13). To better identify follicular B cells differentiation steps,
Pax5 and BCI6 labeling were carried out. BCI6 is expressed on
centroblasts whereas Pax5 is expressed on centroblasts and
centrocytes. The use of CD21 labelling with Ki67 and Pax5
revealed that Ki67"¢/Pax5P° cells were CD217* (Figure 3E) in
agreement with centrocytes identity. BCl6 was observed almost
exclusively on follicular Ki677 cells, in agreement with its
expression on centroblasts (Figure 3F). Bcl6P**/Ki67P*/Pax5P°°
centroblasts could be clearly distinguished from BCl6-/Ki67-/
Pax5P° centrocytes (Figure 3F). The follicles were systematically
positioned with the pfM6 and centroblasts (dark zone) at the
opposite of the trabeculae.

Whole LN Vessels Distribution

To better apprehend the continuity of the different endothelia, a
LN was cleared and stained for CD31 to visualize endothelial
cells (Figure 4A and Movie 1), and for CD169 to localize pfM6
and efferent area occupied by efferent MO. Lymphatic and blood
endothelia can be differentiated thanks to their different intensity
of CD31 staining, LEC being CD31'°" and BEC CD31™¢",
Moreover, biphoton microscopy allowed the second harmonic
generation (SHG) imaging to visualize collagenous fibers
constituting the trabeculae core. CD31'" structures sprouting

from SHG-positive collagen-fibers-filled trabeculae were thus
unambiguously identified as lymphatic sinuses (Figure 4B,
pink arrows and Movie 2), whereas CD31"8" vessels were
blood vessels (Figure 4B, red arrows and Movie 2). A 3D
reconstruction of Figure 4A area allows the visualization of the
trabeculae as a flat baggy collagenous area draped in a lymphatic
sinus on which stand B cell follicles (Movie 3). Thin lymphatic
structures were observed sprouting from the trabecular sinus and
reaching the perifollicular area (Figures 4C, D, blue arrows,
movies 4 (confocal imaging) and 5 (biphoton imaging)).
Perifollicular MO were systematically situated in close
proximity with these perifollicular sinuses (Figures 4C, D,
green arrows). This observation is in agreement with our
previous identification of pfM6 as the porcine counterpart of
murine SCS M6 (13) which translocate antigens from the afferent
sinus to the B cell follicle in mice (2, 3). In the pfMO area,
continuity between the thin perifollicular sinuses and larger
blood capillaries were frequently observed (Figure 4D, orange
arrows and Movies 4, 5).

LN Blood Vessels

Having described the afferent lymphatic structures that might
potentially transport free antigens to the B cell follicle, we then
investigated the blood transportation circuit allowing the arrival
of naive lymphocytes and the exit of mature, antigen-trained
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FIGURE 4 | Trabecular sinus, perifollicular sinus and blood vessels interconnections in relation with the perifollicular macrophages. (A) Thick slice of tracheobronchial
LN were cleared using iDISCO+ and (B-D) different area and magnifications of cleared LN slice stained with anti-CD169 and anti-CD31 antibodies. Imaged with
multiphoton microscope ATRMP+ with an objective lens 25x and dual excitation at 960 nm and 1040nm. From 960 nm excitation, Second Harmonic generation
(SHG) was acquired in blue channel in forward direction and fluorescence of Alexa Fluor 488 was acquired in green channel in backward direction. From 1040 nm
excitation, fluorescence of Alexa Fluor 555 was acquired in red channel in backward direction. F, follicle; Tb, Trabeculae. Red arrows: T cell area blood endothelial
cells, pink arrows: peri-trabecular lymphatic endothelial cells, dark blue arrows: perifollicular lymphatic endothelial cells, green arrows: perifollicular macrophages,
orange arrows: lymphatic-blood capillaries connections. (A-C), scale bar 100um.

lymphocytes. CD31"¢" structures, corresponding to the
veCadhP®® vessels observed in Figure 2A (red arrows),
extended inside the efferent area (Figures 5A, B and Movie 6).
They developed in a network from the efferent area throughout
the T cell zones and eventually circled the B cell follicles (Movie 1
and Figures 4B, C). To better understand the entry and exit of
naive and mature B lymphocytes, the localization of HEV along
this blood vessel network was investigated. The most used HEV
marker is the Peripheral node addressin (PNAd), however we did
not identify commercial antibody reacting with porcine PNaD.
Another recognized way to identify HEV is their surrounding by
fibroblast reticular cells [FRC, for review see (30)], we used the
ER-TR7 monoclonal antibody, which stains murine FRC (31)
and cross-react with porcine FRC, and used it in combination
with anti-CD31. The trabeculae were densely packed with FRC
(Figures 6A, B), in agreement with FRC’s role in collagen
deposit (32). In the TZ and in the efferent area, less dense FRC
network was observed, whereas B cell follicles were devoid of
FRC. In the TZ, CD31P* endothelial vessels presenting thick

walls appeared surrounded by thin FRC sheath (Figure 6A), in
agreement with an HEV identity.

CD79a is the B-cell antigen receptor complex-associated
protein alpha chain which associates with membrane-bound
immunoglobulin to form the B-cell antigen receptor (BCR),
expressed on naive and mature B cells (1). We then stained
with markers allowing the distinction between naive and mature
B cells in order to identify the LN area where were respectively
localized the entry blood vessels, occupied by naive B cells, and
the exit blood vessels occupied by mature B cells. Pax5 has been
described as more expressed on naive than on mature B cells,
whereas conversely, Blimp-1 is more expressed on mature than
on naive B cells (1, 33). The expression of Pax5 was measured on
CD790.-positive cells in the TZ and the effArea and on CD21-
positive cells in the follicles, where centrocytes and centroblasts
do not express the BCR (Supplementary Figure 1A). B cells in
TZ, where HEV are situated (Figure 6A) expressed higher levels
of Pax5 than B cells from effArea whereas, as expected, follicular
B cells expressed contrasted Pax5 levels in agreement with the
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FIGURE 5 | Blood vessels are evenly distributed from B cell follicles neighborhood to the inside of the efferent area. Thick sections of tracheobronchial LN have
been cleared with iDISCO+ and stained for CD169 (green) and CD31 (red). (A) wide view of CD169 (green) and CD31 (red) staining in order to delimit trabeculae
(doted white lines) and efferent area (dashed yellow lines). F, Follicle; Tb, Trabeculae; TZ, T cell zone; Eff Area, efferent area. (B) Close up the white rectangle from
(A), with depicture of CD31 (red) staining only. Images were acquired with confocal microscope LSM780. (A), Scale bar 500um. (B), scale bar 100um Images are

representative of 2 LN from one animal.

presence of Pax5™¢" centroblasts and centrocytes and Pax5'"

plasmablasts (Figure 6C). The expression of Blimp-1 was
measured on IgM-positive cells and on CD21-positive cells in
the follicles, where centrocytes and centroblasts do not express
the BCR (Supplementary Figure 1B). B cells in TZ expressed
low levels of Blimp-1 which are again diminished upon entry of

the B cells in the follicle. Then, B cells in the effArea up-regulated
Blimp-1, in agreement with the presence of mature B cells in the
efferent area (Figure 6D).

Thus TZ HEV are in contact with bona fide naive B cells
whereas blood vessels in the efferent area are in contact with
bona fide mature B cells. We thus propose that in agreement with
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FIGURE 6 | HEV are present in T cell areas, whereas cells presenting mature B cells features are present in the efferent area. 10 pm thick sections of a tracheobronchial
LN have been stained for (A) Wide view of CD31 (green), ERTR7 (red) and DAPI (blue) staining, (B) Close up from the white rectangle from (A). Eff Area, efferent area; TZ,
T cell zone; F, follicle; Th, Trabeculae. (C) Pax5 expression on CD21 and CD79a-positive B cells [see Supplementary Figure 1(A)], or (D) Blimp-1 expression on CD21
and IgM positive B cells [see Supplementary Figure 1(B)]. The fluorescence of Pax5 and Blimp-1 were measured using Zen Blue software in different area of the LN: T
cell area (TZ), the B cell follicles (Follicle), and the efferent area (effArea). Each symbol represents fluorescence measured on one cell. Since the data were non normally
distributed (normality tested using Shapiro-Wilk test) the non-parametric Mann-Whitney test has been chosen. Images are representative of 2 LN from two animals. (A)
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the global orientation of the porcine LN, mature B cells exit from
the LN in majority through efferent area blood vessels instead of
TZ HEV.

DISCUSSION

In this work, as previously observed (13), we confirmed the strict
orientation of the follicle dark (centroblasts-occupied) and light
zones regarding the trabecular sinus. We observed that the
trabecular sinus contained bona fide CD169"*° macrophages
and DC as expected for an afterent lymphatic, but also Pax5"*
recirculating centrocytes exiting B cell follicle, in agreement with
a role of the trabecular sinus as a continuous distribution system
from the LN afferent side to the efferent area. Perifollicular M0
were phenotypically similar to murine SCS M6 which are
involved in the translocation of soluble antigens form the
lymphatic afferent sinus to the inside of the follicle. However,
pfMO were not in contact with the afferent peritrabecular sinus
since the porcine B cell follicles were systematically oriented with
the pfM6 on the side of the follicle in opposition with the
trabecullar sinus. We observed here that thin perifollicular
lymphatics connect the trabecular sinus with the pfM6 at the
opposite side of the follicle. In the perifollicular area, these
lymphatics directly connect with blood vessels. Interestingly,
lymphatic and blood vessels fusions have been observed in
vitro in rat mesenteric culture models, leading to Lyve-1
expression decrease on the lymphatic endothelial cells (34), as
observed here for the perifollicular lymphatics. We can
hypothesize that afferent lymphatic/venules fusion might allow
inflammatory cytokines/chemokines transported by afferent
lymph from inflamed tissues to reach blood-born immune cells
and facilitate their extravasation through the HEV into the
inflamed LN, in a similar way to what has been described for
collagen/FRC conduits in murine lymph nodes (5, 35).

In human and mouse, Lyve-1 is expressed on medullary LEC
(27) whereas in mice Lyve-1 is also expressed on endothelial cells
forming the floor of the subcapsular sinus, in contact with SCS
M6 (25). We observed in swine an asymmetric Lyve-1 expression
restricted to the ceiling of the peritrabecular afferent sinus, in
contact with B and T cell zones. According to the inversion of the
porcine LN, this expression appeared similar to what has been
observed in mouse. Moreover, like in human and mouse, upon
its entry in the efferent area, the peritrabecular sinus loses its
asymmetry, and appeared totally Lyve-1P°*. Interestingly, Lyve-1
is thought to facilitate DC egress from the lymphatic (36), thus its
expression on the ceiling of the peritrabecular sinus confirms the
similarity between the murine subscapular sinus and the porcine
peritrabecular sinus, whereas its expression on both side of the
sinus in the efferent area confirms the similarity between porcine,
murine and human LN efferent area.

Subscapular sinus EC expressed veCadh, however veCadh is
not an exclusive marker of BEC. Indeed, it has been described
that human (23, 37) and murine (38) LEC expressed veCadh.
Moreover, the porcine subscapular sinus EC were in the
continuity of the peritrabecular lymphatic sinus, expressed

Lyve-1 and presented lower levels of CD31 than BEC, in
agreement with a bona fide LEC identity.

Interestingly, in swine conversely to mice and human, efferent
lymph carries no cell, since activated immune B and T
lymphocytes exit the inverted-LN through blood vessels. It was
hypothesized for long that this egress was through the HEV (19),
bringing up the intriguing conundrum of a common entry and
exit way for the naive and mature lymphocytes. Herein we
observed that as previously described, HEV are localized in the
TZ and the continuity of HEV bearing vessels leads to the
efferent area. The B cells present in the efferent area, are more
mature than B cells in the TZ, expressing lower levels of Pax5 and
higher levels of Blimp-1. This result is in agreement with Pabst
et al. (19) who observed a centrifuge move of B cells from TZ
HEV to the LN periphery. We thus propose that in swine, mature
B cells exit lymph nodes in the efferent area, without using HEV.
It remains to be explored if the portion of blood vessels present in
the efferent area harbors specialized features such as the
expressions of a peculiar set of addressins that would facilitate
the egress of mature B cells. In the inverted pig LN, blood vessels
enter and exit the LN throughout the capsule, and not, or at least
not exclusively, through the hilum (14). We thus propose here a
refined model of the lymphatic and blood circuitry in the
inverted porcine LN (Figure 7 and Table 2) that allows a
better understanding of the immune cells circulation. Briefly,
like in regular human and murine LN, porcine naive
lymphocytes enter the LN through the HEV, situated in the T
cell area, whereas free or DC-associated antigens entered through
the afferent lymph. The porcine afferent lymphatics are
appended on a collagen-composed trabecular structure which
crosses the entire LN. DC-associated antigens would reach the T
cell area thanks to the asymmetric expression of Lyve-1 on the
afferent lymphatic endothelial cells facing the T cell area. Free
antigens would reach the B cell follicle through thin perifollicular
lymphatics that connect the main peritrabecular lymphatic to the
dark zone side of the B cell follicle containing centroblasts. There,
pfMO, the SCS M6 counterpart of swine (13), control the
antigens transfer from the lymphatics to the B cell follicle.
Post-follicular B cells may then reach the efferent area and exit
the LN through the venules. In the follicle vicinity, perifollicular
lymphatics fuse with capillaries, potentially allowing the
communication between afferent lymph compounds coming
from the drained, inflamed tissues, with blood cells arriving
from the HEV, as observed in the murine model (5). We are
aware that this model is based on static images. The next step, out
of the scope of this work, would be to associate up to date
fluorescent microscopy imaging with intra-arterial and intra-
lymphatic injections of tracers (5, 14, 15, 19) that would validate
our model.

By increasing our knowledge on porcine LN endothelial cells
this work might allow to proceed to single cell RNAseq of these
endothelial cells in order to have a better view of their
heterogeneity, and to be able to compare them with recent
mouse and human data (26, 40). The pig is more and more
recognized as a immunological medical model (41-46), and
genetically modified pigs are now developed for direct medical
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FIGURE 7 | Schematic depicting of the lymphatic and blood flow according to immune cells compartments. Aff Lymphatic, Afferent lymphatic; Tb, Trabeculae; F,
follicle; TZ, T cell zone; Eff Area, efferent area; Eff Sinus, efferent sinus; Eff Lymphatic, Efferent lymphatic; HEV, High endothelial venule; LEC, Lymphatic endothelial
cells; pf Lymphatic, perifollicular lymphatic; Free Ag, Free antigen; DC-Ag, Antigen transported by DC; pfMe, perifollicular macrophage.

usage such as xenotransplantations (47). Thus a better
knowledge of the first steps of the immune response initiation
in the inverted porcine LN appears essential. The cellular and
molecular processes that determine normal murine or human
LN formation are far from being fully deciphered (48). By its
oddness, the inverted porcine LN development would deserve a
deeper attention since it might offer an original point of view
(Table 2) permitting to better understand the development of

normal LN in healthy and pathological situations. In addition to
its functional and developmental implications, the last puzzle of
inverted LN is their repartition among the evolutionary tree. In
the Laurasiatheria superorder, three families of the
Cetarthiodactyles orders [Suidae, Hippopotamidae and
Delphinidae (22, 49)], and one from the Perissodactyles orders
[Rhinocerotidae (50, 51)] present LN inversion. In addition,
Elephantidae (50, 52), from the Afrotheria superorder would

TABLE 2 | Comparison of the main murine and porcine LN differences.

Murine LN Porcine LN
Lymph flow Centripetal Centrifugal
Afferent lymphatic Side in contact with pfM6 Floor of the pfLymph
scSinus (39)
Side in contact with TZ Floor of the scSinus Ceiling of the affLymph
Lyve-1P°3 (25) Lyve-1P%
Side opposed to TZ Ceiling of the scSinus Floor of the affLymph
Lyve-1"%9 (25) Lyve-1"¢9

Connection with blood Collagen conduits connecting scSinus to pfLymph connecting to

HEV (5, 35) post-HEV capillaries
B cell follicles Subcapsular/Peripheral Core/Central
Efferent area Core/central Subcapsular
Mature B cell exit Efferent lymphatic Post-HEV venules

LN, Lymph Node; pfM®6, perifollicular macrophages (murine subcapsualr sinus macrophages); scSinus, subcapsular sinus; pfLymphatic, perifollicular lymphatics; affLymph, afferent
lymphatics; TZ, T cell Zone; HEV, High Endothelial Venule.
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also present LN inversion. Except for swine, all the information
on inverted LN refereed to 1960 and 1970’s studies. Thus, this
field of investigation would greatly benefit of new data taking
advantage of last technical developments. Although the study of
these various species, among them some endangered, is of great
interest, the collect of tissues from these wild, rare, long-lived
animals poses strong constraints that would need prolonged
coordinated efforts to complete.
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Movie 1 | 3D reconstruction of iDISCO+ Cleared whole lymph node image with
light sheet. Visualization of endothelial cells by CD31 red fluorescent
immunolabeling.

Movie 2 | Z stack reconstruction of Trabeculae, Lymphatic and blood vessels of
iDISCO+ cleared thick LN slice observed from Zo,m t0 Zogs,m by using multiphoton
microscopy. Visualization of -Trabeculae (collagen fibers visualized by second
harmonic generation (SHG) - cyan); -Lymphatic and blood vessels (CD31 staining —
red): lymphatic vessels presented a discontinuous mild red staining and were in
close contact with the cyan collagen whereas blood vessels presented a
continuous intense red staining; - CD169°°° macrophages (CD169 — green). B cell
follicles locations can be inferred by dark, round area devoid of collagen and
vessels. Perifollicular macrophages are CD169°°° macrophages situated in close
contact (above or below) with the follicles. Multiphoton imaging. Images were
acquired with a Nikon ATRMP+, objective APO LWD 25x 1.10W. Two photon
excitation fluorescence was used to image CD169 Alexa Fluor 488 in green channel
and CD31 Alexa Fluor 555 in red channel. SHG was acquired in blue channel. Size
of image: 1421umx927umx300um, Zstack of 60 images, Zstep 5pum.

Movie 3 | 3D reconstruction of second harmonic generation (SHG) collagen fibers
(trabeculae) and CD31P°° blood vessels (red) of iDISCO+ cleared thick LN slice
analyzed with multiphoton microscope. Three-dimensional image analysis was
performed using GA3 module of NIS software package (5.30.03 Nikon). SHG signal
was thresholded and segmented. SHGP®®: objects binarized were colorized to
facilitate the observation of 3D organization of Trabeculae collagen fibers (Size
range of total objects SHGP®: 5 to 84140301 um3). The biggest continuous object
with SHGP®® signal representing the Trabeculae was depicted in blue surrounded
with a white line to improve the visualization of the trabeculae 3D organization. The
lower discrete SHGP°® objects were depicted in green, yellow, pink, purple
according to their size and their distribution. CD31P°® endothelial cells are in red.
Size of image 1400pmx1138umx675um.

Movie 4 | Z-stacks reconstruction of Lymphatic and blood vessels (CD31 staining
- red) of iDISCO+ cleared thick LN slice analyzed with confocal microscope.
Lymphatic vessels presented a discontinuous mild red staining whereas blood
vessels presented a continuous intense red staining; CD169°°° macrophages
(CD169 - green). B cell follicles locations can be inferred by dark, round area devoid
of vessels. Perifollicular macrophages are CD169°°° macrophages situated in close
contact (above or below) with the follicles. Size of image 500pumx500pmx200um,
Zstack of 100 images, Zstep 2um.

Movie 5 | Z-stacks reconstruction of Trabeculae (collagen fibers visualized by
second harmonic generation - cyan), lymphatic and blood vessels (CD31 staining —
red) of iDISCO+ cleared thick LN slice analyzed with multiphoton microscope.
Lymphatic vessels presented a discontinuous mild red staining and were in close
contact with the cyan collagen whereas blood vessels presented a continuous
intense red staining; CD169°°° macrophages (CD169 — green). B cell follicles
locations can be inferred by dark, round area devoid of collagen and vessels.
Perifollicular macrophages are CD169°°° macrophages situated in close contact
(above or below) with the follicles. Size of image 586pumumx628umx220um, Zstack
of 45 images, Zstep 5um.

Movie 6 | 3D reconstruction of lymph node vasculature (CD31 staining) from
follicles (on the right at the start of the movie) to the efferent area (at the left at the
start of the movie). Multiphoton imaging, scale at left with depth coded maximum
intensity projection (size image 1438umx1438umx390pm).
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