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Swine lymph nodes (LN) present an inverted structure compad to mouse and human,
with the afferent lymph diffusing from the center to the pephery. This structure, also
observed in close and distant species such as dolphins, hipppotamus, rhinoceros,
and elephants, is poorly described, nor are the LN macrophag populations and their
relationship with B cell follicles. B cell maturation occsr mainly in LN B cell follicles
with the help of LN macrophage populations endowed with diffrent antigen delivery
capacities. We identi ed three macrophage populations thawe localized in the inverted
LN spatial organization. This allowed us to ascribe porcineN M8 to their murine
counterparts: subcapsular sinus M8, medullary cord M8 and medullary sinus M.
We identi ed the different intra and extrafollicular stage of LN B cells maturation and
explored the interaction of M3, drained antigen and follicular B cells. The porcine
reproductive and respiratory syndrome virus (PRRSV) is a noa porcine pathogen
that infects tissue macrophages (N ). PRRSV is persistent in the secondary lymphoid
tissues and induces a delay in neutralizing antibodies appa&ance. We observed PRRSV
interaction with two LN M8 populations, of which one interacts closely with centroblsts.
We observed BCL6 up-regulation in centroblast upon PRRSYV faction, leading to new
hypothesis on PRRSYV inhibition of B cell maturation. This s@nal study of porcine LN
will permit fruitful comparison with murine and human LN foa better understanding of
normal and inverted LN development and functioning.
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INTRODUCTION from the monocytic lineage, among them so far, only alveolar
macrophages (18) (1719, pulmonary intravascular &
In most species, free antigens and DC migrating from thq20, 21) and CD163-positive tonsil macrophage¥) have been
peripheral tissues enter the lymph node (LN) through theshown to be actually infecteih vivo. We and others recently
a erent lymphatic vessels into the external capsular sinusvé\ai showed thain vivo, primary dendritic cells from lung43) and
lymphocytes enter the LN from the blood through the hightonsil (22) were not infected by the virus.
endothelial venules (HEV) and then patrol the B and T cell puring the persistence phase, the virus is no longer detented i
areas. Upon antigen encounter in the context of the adequai@ng but could be isolated from LN up to 5 months post infection
antigen presenting cells, T and B lymphocytes get activategh4). Although virus are detected in secondary lymphoid tissues
mature and exit the LN through the medullary sinus and thesych as tonsils and lymph nodes, and at a lesser level spleen
e erent lymphatic vessel. Thus, most mammals, including micg25, 2¢), its target(s) in these tissues have not been precisely
and humans, possess LN with a centripetal lymphatic motionidenti ed. One team studied the porcine LN &1 for the sake
i.e., a erent lymph enters the LN through the peripheral capsuleyf vaccine targeting to CD163 or CD1697( 28) but without
and nds its way out toward the LN central hilum and the making a distinction between di erent | subpopulations. A
e erent lymph. study on the porcine respiratory tract draining LN upon PRRSV
Conversely, in pigslj, like in some species belonging to thejnfection has been recently publishet. Using microdissection
Laurasiatheriasuperorder such as dolphins, hippopotami, (  of follicular and interfollicular areas, the authors detecsédilar
and rhinoceros ), as well as in elephantl), lymph presents viral loads in both regions. The PRRSV ability to replicate ia th
a centrifuged motion. The porcine aerent lymphatic vesselgespiratory draining LN for more than a montt26, 26) and the
enter the capsule at one site and penetrate deep into the arparallel delay in the appearance of neutralizing antibodiegssig
occupied by the B follicles and the T cells. Then they join thghat LN-M8 infection by PRRSV might directly in uence the B
trabecular sinuses and lters into the subcapsular sinus frongell maturation process.
which e erent vessels originaté) Naive lymphocytes entered  Herein, using whole LN imaging, ow cytometry analysis,
the LN through HEV as in other mammalian species, howevegell sorting and RT-gPCR, we rst described the localizatio
after having scanned the B and T cell areas, they exit dyréttl and phenotype of three di erent | subpopulations of the pig
the blood through the same HE\5Y. respiratory LN and assign each of them to their likely mouse
In mouse, ve populations of LN M have been identied counterpart. We described the di erent B cell maturation stge
[for review (7, 8)]. The subcapsular sinus & (SCS M)  according to their expression of key transcription factorsBof
(CD169°%F4/80'9) transfer the antigens from the subcapsularcell di erentiation and their follicular localization. Sueguently,
space into the B cell follicle. SCS8Vhave been demonstrated jn vivo PRRSV infections were performed in order to study the
as mandatory for mounting e cient cytotoxic%) and humoral  sysceptibility to infection of previously identi ed cells ard

immune (10) responses. In the follicle, tangible bod8MTBM)  tentatively get information on how PRRSV infection may impacts
scavenge the dead B lymphocytes whereas T cell z8n€TMdM)  the B cell maturation process.

might do the same for T lymphocytes. The medullary cor@ M
(MCM) have a role in the plasma cells terminal maturatidri)
and medullary sinus @ (MSM), situated at the exit of the LN MATERIALS SNDIMETHORS
would be involved in the nal clearance of lymph borne partile In vivo Infections
Porcine reproductive and respiratory syndrome (PRRS) iFwo di erent strains of the European originated PRRSV1 species
a disease induced by the PRRS virus (PRRSV), a positiwgre used: the PRSSV1.1 emergent Flandersl13 (FI13) strain
single stranded RNA virus from theArterivirade family (25 and the PRRSVL1.3 highly pathogenic Lena straif).(
within the Nidoviralesorder (12). After oronasal transmission, For in vivo experiments, PRRSV infections were performed at
PRRSV colonizes the respiratory tract and could play amNRA PFIE (Nouzilly, France) for FL13 and ANSES (Ploufragan,
immunomodulatory role delaying and weakening host respenseFrance) for Lena infections. The animal experiments were
nally leading to virus persistence. Although anti-PRRSVauthorized by the French Ministry for Research (authorizatio
antibodies are detected in the serum as early as one-week post.2015051418327338 and no.2015060113297443, redpgctive
infection, the antibody serum titers to several viral proti and approved by the national ethics committee (authorizagion
decline over time despite the continuous presence of the viruso.09/07/13-1 and no.07/07/15-3). Ten-week-old Large té/hi
(13. Moreover, the emergence of neutralizing antibodies ipiglets were tested PRRSV free and inoculated intranasally at
strongly delayed, up to several months. Such delay has beBrni® TCID50/animal or mock inoculated. For FL13, 3 pigs
proposed to be the main reason for PRRSV escape to the immumgre used per group and euthanized 5 days post infection
response [for review se&4)]. (dpi). For Lena, 4 pigs were used per group and euthanized at
PRRSV strongly impacts the swine industry due to10 dpi. Tracheobronchial LN were collected and processed as
reproductive failures, reduced weight gain and predispasitto  described above.
super-infections 15). The two main PRRSV cellular receptors .
are CD169/Sialoadhesin that allows the binding of the vand ~ Cell ISolation
CD163 which is essential for the release of the viral gename Respiratory, tracheobronchial lymph nodes were collecteoh fro
the cytosol [for review sed §)]. PRRSV cellular targets are cellsLarge White conventionally bred sows from Guy Harang
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slaughterhouse (Houdan, France) and from the controlled UEef the beads' uorescence by methanol, and the saturatiosh an
PAO-INRA (Nouzilly, France) herd. Tissues were minced andstaining steps done in PBS, 5% HS, 5% SS, supplemented with
incubated with RPMI 1640 supplemented with 100 1U/ml0.5% Triton in order to permeabilize the tissue upon PFA xatio
penicillin, 100 mg/ml streptomycin, 250 ng/ml Fungizdhe Slides were analyzed using Zeiss AXIO Observer.Z1
(Antibiotic-Antimycotic 100X ThermoFisher Scienti c,IKirch,  microscope and Zen 2012 Software (Zeiss, Jena, Germany).
France), 2 mM L-glutamine and 10% inactivated fetal calfiser

(FCS, Invitrogen, Paisley, UK). Digestion were performed foMVhole LN Staining and Clearing

30min at 37C with 2 mg/ml collagenase D (Roche, Meylan,Tracheobronchial LN was xed by overnight incubation in
France), 1 mg/ml dispase (Invitrogen) and 0.1 mg/ml DNas@araformaldehyde 4% at @. Immunohistochemical staining

I (Roche). Filtration on 40mm cell strainers were performed and clearing were performed following the iDISCQprotocol

and red blood cells were lysed using erythrolysis bu er (10 mM30). The sample was acquired on a light-sheet ultramicroscope
NaHCO3, 155mM NHA4CI, and 10mM EDTA). Cells were (LaVision Biotec, Bielefeld, Germany) with a 2x objectivole
washed in PBS/EDTA and further processed fresh for owLN and isolated follicles were acquired using 0.63X and 4X zoom
cytometry staining and sorting as much as possible. Alteveiti  factor, respectively. LN was reconstructed in 3D using Imadis 9.
LN cells were frozen in FCS 10% dimethyl sulfoxide. (Bitplane). The number of follicles was manually quanti ed.

Immunohistochemical Staining Flow Cytometry Analysis

Tracheobronchial LN were frozen in Tissue Teck (SakuraisPar Cells were stained in blocking solution, composed of PBS
France) and conserved at80 C. Sections of 1dm were EDTA (2mM)_ supplement_ed W't.h 5% HS and 5% .SS' Staining
obtained using a cryostat (Leica CM3050S, Nanterre, Fraamzk weri_ mage in 4 stepr?, |ncl-ud|ng PBIS(/jEDTA with 2_°/oDFlCS
deposed on SuperfroStglass slides (ThermoFisher scienti c). washing etwegn eac step.. Unpoupe primary ant-CD169,
Cryosections were xed in methanol/acetone (1:1) a20 C anti-lgM and anti-CD172a antibodies were added to the bingk

for 20 min. Fixed slides were saturated using PBS supplement@aIUtion for 30min on ice and then washed. Fluorescent,

with 5% horse serum (HS) and 5% swine serum (SS) for 30 mﬁ]econdgry, mouse isotype speci ¢ ar_1tibodies were then addt_ed,
at room temperature (RT). When biotinylated antibodies were espectively anti-lgG2a-PE-Cy7, anti-IgM-Alexa647 and -anti
used, a specic step of endogenous biotins saturation usin G2b-APC-Cy7 for 20_m|n on ice and the_n washed. Then,
Avidin/Biotin Blocking Kit (Invitrogen) was added. Primgand 0 _satu_rate _the pott_antlal unbound IgG_l-dlr_ect_ed secondary
secondary antibodiesTéble 1) were added at 4= overnight or antibodies S|tes,_ we mcgbated C?"S 30 min with isotype-obnt

30 min, respectively. IgG1 (10mg/ml) in blocking solution. Third the uorochrom-

For beads draining experiments, tracheobronchial explant%c\’/uspllgd or_b(i:oéi;%/gated plrirgary FI’gEGl: dargi-(_:Dfl %ouplt_e(éltaoz
were injected at multiple sites in proximity of the target LN , antl- coupled to and biotinylated anti-

with 0.1mm red uorescent beads (FluoSpheRéCarboxylate- antibodies were added for 30 min on ice and then washed. lyinal
Modi éd Microspheres, 0.trm, red uorescent (580/605), 2% streptavidin-coupled to Alexa700 was added for 20 min on ice

solids, ThermoFisher Scientic) diluted 1/4 in physioloaic and washed before resuspension in DAPI containing bu er for

serum. Explants were incubated 30 min a G7to allow the sorting (Table ).

drainage of beads into the LN. The targeted LN was the?t; Il Sorti

sampled and frozen in Tissue Teck and processed as above il sorting . .
immunohistochemical staining, except for the xation, in 4% LN cells were stained as for ow cytometry analysis and the

PFA, 15min at room temperature, in order to avoid bleachingd' erent _populatlons were sorted. Since LN cells are fragile
the sorting was carried out on fresh cells to maximize cell

yield and viability. Dead cells were excluded by DAPI staining
(Sigma-Aldrich). Cells were sorted using a Mo o Astrios sorter
(Beckman-Coulter, Paris, France) driven by summit 6.2. RPuva

TABLE 1 | Antibodies used for tracheobronchial lymph nodes stainingor

immuno uorescence and cell sorting. 1X was used as sheath and run at a constant pressure of 25 PSI.
Frequency of drop formation was 43 kHz. The instrument used
Antibody Clone lIsotype Species Dilution Supplier a 100mm nozzle. Temperature was kept atGduring whole
Anti-CD169 1F1 0G2a  mouse ur 3 Dominguez (INIA) sorting. The lasers used for excitation were solid state 488,
) g P o 561, and 640 nm. Optical lters used for collecting uorescenc
anti-CD21 B-ly4 IgG1 mouse 1/100 BD Pharmingen

CDILEVE10 Bivd o1 150 BD Pharmi were 448/59 nm (DAPI), 546/20 nm (BV510), 579/16 nm (PE),
ant-ebz1- i g mouse armingen - 671/30 nm (Alexa 647), 722/44 nm (Alexa 700), and 795/70 (PE-

anti-CD8a PT81B 1gG2b  mouse 1/100 MAb Center WSU Cy?) and (APC-Cy?).

ant-CD163 2AI01 1gGL - mouse  1/100  Biorad FlowJo software (version X.1.0, Tree Star, Ashland, OR, USA)
anti-CD163-PE 2A10/11 1gG1 mouse 1/20 Biorad was used for analysis.

anti-igM PG145A IgM mouse 1/150 MAb Center WSU

anti-CD172a/Sirpa 74-22-15a 1gG2b  mouse 1/250 MAb Center WSU May_Grunwa|d_Giemsa Staining

ant-CD2-Biot  RPA-2-10 1gG1  mouse  1/50  eBioscience Sorted cells were xed and stained with May-Griinwald-Giems
anti-Ki67-ASS5  B56 IgG1  mouse  1/20  BD Pharmingen methods as previously describedl). Images were acquired

Frontiers in Immunology | www.frontiersin.org 3 May 2019 | Volume 10 | Article 953


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Bordet et al. Inverted Porcine Lymph Node

and analyzed with a Pannoramic Scan Il (3DHISTECH Ltd.next to the e erent vessels. Interestingly, CD169 was also

Budapest, Hungary). expressed in close association with the B cell follidtegufe 19.
CD16%°9YCD163'*9YCD21"®Y cells were situated on a thin band

RNA Extraction, Reverse Transcription, at the periphery of the CD21-positive follicleSigure 13 green

and Real-Time gPCR perifollicular crescent) whereas CDP8YCD163*YCD21P°s

Total RNAs from sorted cell populations were extracted using€llS were identied in a more diuse “crescent shape”
the Arcturus PicoPure RNA Isolation kit (ThermoFisher |n_trafoll|cular area Figure 1g yellow |ntra-f0II|CL_JIar staining).
Scienti ¢, St Aubin, France) according to the manufactiger Finally, CD169°9CD163° cells were present in the medulla,
instructions. The Qiagen RNase-Free DNase Set (Courtaboefifhtly associated with the lymphatic cords, both in the LN
France) was used to remove contaminating genomic DNAParenchyma as well as in the sinéisgure 1d red staining).
Reverse transcription (RT) was made using Multiscribe reverse

transcrlptasel (Therqulsher Scienti c) apcordlng t_o theThree Different M 8 Cell Types Can Be
manufacturer's instructions and qPCR carried out using th

iTaq Universal SYBR Green Supermix (Biorad, Hercules, CA).

Ribosomal protein S24 (RPS24) was chosen as reference gen 48V cytometry analysis of enzyme-digested LN was performed
previously described in pig lung(, 32). Primers used in this to Isolate the 4 populations identi ed using microscopy. The

publication are reported irSupplementary Table 1 Using the 4 populations were distinguished using a CD163/CD169/CD21

porcine new born pig trachea epithelial cell line NPTER)(we and FSC gating and _s_orted_ as described Rigure 2A,
validated Topoisomerase IlA and Cyclin B2 as transcriptomiéc’l_lowed by MGG Osstalnlng OFglgure 2B or by RT-gPCR
markers of cell proliferation, since their expression by RT_(Flgure 20. .CD163’ /CD169 C?”S presented a rqunded
gPCR were respectively 30 and 17 times higher in exponentif| slightly indented nucleus with coarse chromatin anq
proliferation cultures compared with con uent NPTR cells, @Pundant clear vacuolated cytoplasm, in agreement with
Conversely Ki67, which is a good proliferation marker at? macrophagic phenotypeFigure 2. Moreover, RT-GPCR .
protein level, was invalidated for transcriptomic studiexsiits analyses revealed that these cells expressed the macrophagic

expression only varied by a factor of 2 between proliferating) anCSF1R, MAFB, and MerTK ggneﬁ;igure 20. Because of
con uent cells Gupplementary Figure 13 the reverse structure of the pig LN, these cells located at

the periphery are next to the eerent vessels. Thus, we
Statistical Analysis called them eerent M (e M8). CD163°YCD169'¢9 cells

ajisplayed abundant clear vacuolated cytoplasm and a large
deeply indented nucleus with lacy chromatin similar to blood
monocytes and to the MCM from murine LN1{). They
expressed similar levels of CSF1IR and MerTK than & M
RESULTS but higher levels of MAFB Higure 2C). According to their

: : association with the cord vessels, these cells were called cor

Macrophages Identi cation and M8 (cordM8 ).

All data were analyzed using GraphPad Prism. The unpaire
non-parametric Mann-Whitney Statistical test was used.

Localization in the Tracheobronchial LN by CD163°YCD16PYCD21"Y cells displayed a blue-gray
CD169, CD163, and CD21 Microscopic cytoplasm with a grainy texture surrounding a large vesicula
Staining or slightly indented nucleus with coarsely clumped chromatin

We rst identied swine LN M8 according to their LN (Figure 2B). These cells expressed CSF1R, MAFB, and MerTK
localizations with regard to B and T cell areas. The antigenes Figure 20). According to their morphology and their
CD21b antibody B-Ly4 mainly stains immature pre-classlocalization at the periphery of the follicle, these cells were
switched B cells34) and was used to localize B cell follicles.called perifollicular M (PFM8 ). CD163°YCD16%°YCD21P%
Anti-CD8a expressed on CD8T cells and memory/activatedells displayed a high nucleo-cytoplasmic ratio with a large
CDAT cells in swine 35 was used to identify the T cell round nucleus with coarse and dense chromatin and a nucleolus
areas Figures 1a,§. As previously observed in swin€g), T  surrounded by a perinuclear halo and a rim of basophilic
cell areas are diused, whereas B cell follicles are precisedytoplasm, looking very similar to porcine bone marrow preB
delineated. CD169 and CD163 markers previously used teells 6), in strong support with an immature B cell identity.
identify swine LN M8 (27) and mouse LN M8 were used Moreover, their localization in the periphery of the follicle
[for review @)]. As expected LN from conventionally reared (Figures 1a,d, reminds the dark zone localization of centroblasts
animals (Houdan slaughterhouse) frequently presentedragve in mouse and human [for review se&7)]. In agreement with
well-developed B cell follicles, whereas control-reareithats  their immature B cells microscopic pro le, these cells exprésse
from INRA heard presented fewer and smaller follicles (dat&D19, a component of the B cell receptor complex, and PAXS5, a
not shown). We observed CD169 expression at the peripheriggulatory gene involved in the somatic hypermutation praces
of the LN (Figure 19 in an extended subcapsular location (39 (Figure 2D) but none of the macrophagic markers tested
(Figure 1b). These CD169 subcapsular staining colocalize@Figure 2Q. The cells were subsequently named CD’?89
with CD163 staining Figures 1a,c,)l Because of the reverse B cells. Although CD169 protein expression was detected by
structure of the pig LN, these peripheral cells are localizeBACS Figure 2A) and microscopy Figures 1a,J, CD169°S
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CD169/
500 pm

R

500 pm { 200 pm

FIGURE 1 | Macrophages localization in the porcine tracheobronchidimph nodes. Whole lymph node cryosections were immunostaied for B (a) and T (b) cell
zones using anti-CD21 (red) and anti-CD8 (blue) antibodies, respectively. A third antibody directagainst CD169 (a,b) or CD163 (c), was added. In (b) the
transmitted light was also recorded.(d) CD163/CD169 costaining. Images are representative of at leas8 LN from different animals. Whole LN pictures are individu
images from 10x or 20x objective acquisitions, assembled uing axiovisior® software (Zeiss).

B cells did not express detectable levels of CD169 mRNRFM8 Cells Cap the B Cell Follicles and

(Figure 2D). Conversely, CD169 mRNA quantication |nteract With Intrafollicular CD169 Pos

in eM8 (CD169%), cordM8 (CD169°9 and PFMB B Cells

(CD1699), was in agreement with cytometry and microscopyto investigate the relationship between the F&Mand the
data Figure 2D). B cell follicles we proceeded to whole LN transparisation
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FIGURE 2 | Tracheobronchial lymph nodes macrophages identi cation(A) Representative dot plots of the LN macrophages populationdy FACS analysis using
CD163, CD169, and CD21. The rst gates on cells, singlets andive cells are the same as the ones depicted ilsupplementary Figure 2a . Four populations were
de ned: CD169€/CD163C efferent macrophages (eff\8 ), CD169 /CD163C cord macrophages (cordVB ), CD169°/CD163 /CD21 perifollicular macrophages
(PFMB) and CD169°/CD163 /CD21C CD169P°S B cells. (B) Sorted cells were stained by a May-Grunwald-Giemsa (MGG) éaration for morphological analysis.
Data are representative of 3 independent experimentgC,D), mMRNA expression of macrophagic(C) and B cell (D) speci ¢ genes in the sorted populations by

RT-qPCR. Arbitrary unit: A.U. represents 21 Ct, using RPS24 as reference gene. The Mann-Whitney's test wagerformed. P-values*<0.05, **<0.01, **<0.001,
****<0.0001.

(Figure 39, combined with CD169/CD21 immunostaining structure that cap the B cell follicle on one of its sides
and imaging using uorescent light sheet microscope. ThigSupplementary Movie 3.
allowed to reconstitute the whole LN 3D structurBigure 3b To identify the MB taking in charge particulate antigens
and Supplementary Movie ). This tracheobronchial LN, drained through aerent lymphatics, we injecteéx vivo
sampled from a conventionally reared animal, containeded uorescent 0.Irm beads in the tissue surrounding a
539 B cell follicles Supplementary Movie 2, each of tracheobronchial LN. Injected beads were allowed to drain
them being individually associated with a PBMarea for 30min at 37C. The draining LN was then sampled and
(Supplementary Movie ). The a erent central entry appeared immunostained for CD169 and CD21 expressions. Beads were
composed of a collection of smaller aerent vessels whiclpresent in e M8 and PFMB but not in cordM8 (Figure 3d).
separated from each other while entering deeper in the LN.ooming on B cell follicles, beads were mostly associateld wit
parenchyma $upplementary Movie 1. One of this aerent PFM3 although some signal was observed deeper in the follicle
vessel and its continuous sinus was tracked (in Fégiire 3cand  associated with CD18% B cells Figure 3. By referring in
Supplementary Movie 2. The sinus appeared interconnectedDAPI staining, PFN8 appeared clearly situated in the space
with other sinuses along its parenchymal trail to nally pour i between the follicle and the LN parenchyma, reminiscent of
the e erent subcapsular sinus. mouse LN subcapsular sinus spa&gy(res 3f,9. To precisely
The 3D rendering of follicles acquired at higher set the limit between the CD2%° cells and the PFIgl, a view of
resolution delineated a PF8/A area forming a semi-spherical the interface between intrafollicular B cells and P&-A depicted
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FIGURE 3 | Whole 3D LN imaging and antigen fate(a) Whole lymph node before (left) and after (right) clearinfh,c) 3D reconstruction of a whole transparised LN
(green, CD169, magenta CD21 staining). The green channel bdeen saturated in peripheral eff to better discriminate CD169°W PFM8 and to reveal the tissue
auto uorescence, in order to visualize the sinus lumen(c) Tracking of the lumen of one continuous afferent lymphaticrenchymal sinus (in red)(b,c) are static
depictures of Supplementary Movies 1 , 2, imaged using a light-sheet microscope (d—i) Tracheobronchial explant was injected with 0,5ym red uorescent beads
and incubated for 30 min at 37 C before preparation for staining with anti-CD169 (green)ral anti-CD21 (blue) and DAPI (whited) Whole draining LN (10x objective).
(e) One selected follicle from the draining LN [White square ifdl)] were analyzed. Yellow spots represent red beads co-localed with CD169-positive cells. Light blue
cells are CD169°S/CD21P°S follicular B cells. The white square delineates the area dégied in (h,i). (f,g), single color (white: DAPI, green: CD169) depicture of image
(e). The DAPI(f) picture allowed us to delineate the follicle limit [whitenié in (g)]. (h) DAPI and saturated CD21 staining allowing the delineationdtween intrafollicular
and extrafollicular areas (white linefi) Same picture as in(h), using different image treatment in order to observed co-lcalisations of CD169, CD21 and Beads. Some
red beads situated inside the follicle are depicted in yelo because of their collocalisation with PFM (green) and/or CD16%°S B cells (blue and green, depicted in
light blue). Pictures(e—i) were obtained using a 63x objective.

in Figure 3h with saturated CD21 staining. Once this limit intrafollicular CD169°% B cells Figure 3i). Thus, PFM and
a xed on the CD169/CD21 co-stainingHigure 3i), several beads CD16%°S B cells closely interact with antigen drained from the
appeared situated at the contact between BRMotrusions and  peripheral tissue, at the frontier of the B cell follicle.
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Identi cation of Five LN B Cell dierent cell-types were sorted as described Figure 4B

Differentiation/Activation Stages and stained using MGG coloration Figure 40. Like

The CD21, IgM, and CD2 markers, previously proposed-D16%°% B cells, centroblasts displayed a large, round
by Sinkora et al. 39 for porcine bone marrow B cell nucleus with multiple peripheral nucleoli surrounded by
development analysis, were used to better integrate CB¥369 @ rim of basophilic cytoplasm. Centrocytes displayed a
B cells across the LN B cell dierentiation steps. TheSmall, round nucleus with clumped chromatin and with
CD16%°SCD21Pfollicular B cells Figure 4A, purple cells) did  Scant cytoplasm. Plasmablasts displayed some heterogeneity;
not express IgM and were mixed with CDO®¥CD169¢YIgM €9 their size was intermediate to large with scant to moderate

B cells (red cells) in the intrafollicular area contiguoughw Slightly basophilic ~ cytoplasm and a vesicular nucleus
PEM8 (blue cells). IgMPS/CD21P%S cells (yellow cells) were With reticular chromatin. Plasma cells demonstrated an

localized in the center of the follicle. Finally, I§RYCD21"€9 intermediate-sized nucleus with reticular chromatin and a
cells (green cells) were rarely present in the center dim Or just a crescent of clear cytoplasm with a prominent
the follicles, but well represented in extrafollicular areajuxtanuclear archoplasm.
as well as in the LN periphery, in direct contact with Using Ki67 staining we identied proliferating B cells
e M8 (Figure 4A). Thus, this rst overview of LN B cells that appeared mostly localized in the follicle area contiguou
phenotypic localization is in agreement with C®¥IigMmned  to CD169°° PFMB, in agreement with the phenotype and
cells (CD169 positive and negative) being dark zone-loahlizedark zone-localization of CD168% B cells and centroblasts
centroblasts, IgMPSCD21P°S cells being light zone centrocytes (Figure 4D).
and plasmablasts and Ig¥FCD21"¢9 cells being mostly The sorted B cells were characterized by analyzing B
extrafollicular mature plasma cells. cell-transcription factors genes expression by RT-gP@B) (
We completed this microscopic study by FACS analysiffor review see {7)]. CD169°° B cells and centroblasts
using the panel utilized for 1@ identi cations, which was €xpressed signicantly more BCL-6Figured) than all the
complemented with the myeloid marker Sirpa/CD172a andgether B cells. BCL-6 is a master transcription factor expeesse
the B cell markers CD21, IgM and CDZFigure 4B). The speci cally in centroblasts4()) and involved in the inhibition

FIGURE 4 | B cell populations characterization in the tracheobronchi lymph nodes. (A) Lymph node cryosections were immunostained for IgM (green;D21 (red)
and CD169 (blue).(B) Representative dot plots of the LN B cell populations by FAC@&nalysis using CD163, CD169, CD21, CD2, and IgM markergC) Sorted cells
were spun onto slides and stained by MGG coloration for morpblogical analysis.(D) Lymph nodes cryosections were immunostained for CD21 (gre®, Ki67 (red),
CD169 (blue). Data are representative of 3 independent expenents.
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of their di erentiation into plasma and memory B cells!( In a rst experiment, 4 animals were infected with
47). Centrocytes expressed median levels of BCL-6, PAXbena PRRSV and tracheobronchial LN were collected 10
and IRF4 as expected for these cells at an intermediatipi. At the time of this preliminary experiment we did
di erentiation stage Figure5. As expected, plasmablastsnot yet distinguish PFM from CD169°S B cells, we thus
and plasma cells expressed the lowest levels of BCL-6 asdrted one single CD18%/CD163"™9 population. We also
PAX5, whereas plasma cells expressed the highest levelssofted LN ¢cDC2 as a myeloid negative control of infection
IRF4 (42), XBP1 @3, 44), and Blimpl ¢5 46) which are (23 as described inSupplementary Figure 2a The sorting
known markers of terminally di erentiated B cell§-igure 5. strategy was validated by RT-qPCR of key specic genes
CD169°% B cells and centroblasts (CDZ¥IgM"9) expressed (Supplementary Figure 2p As previously validated2@), we
the proliferation markers Topoisomerase lIAmiQure5 and measured cell-associated PRRSV by RT-gPCR on viral RNA
Cyclin B2 Supplementary Figure 1 at signi cantly higher normalized using RPS24 reference gene! Z). PRRSV RNA
levels than all the other B cells, which is consistent withwas detected in e N (10 dpi) (Supplementary Figure 2fin
the expression of Ki67 in the follicular area contiguousagreement with e M8 population decrease proportion among
with PFM8 . total LN live cells upplementary Figure 2), whereas a weaker

In conclusion, the phenotype, the localization, the expressioexpression was detected in the pooled FFKID169°S B cells
of commonly used transcription factors and the proliferation (Supplementary Figure 2); with no signi cant decrease of this
status consistently de ned ve B cell maturation stagesnbte, last composite populatiorSupplementary Figure 23
we conrmed here that the CD1®#9° B cells were strongly Realizing that the CD168YCD169°S population was
related to centroblasts, and might be an early step of thisomposed of mixed B and macrophagic cells we then performed

di erentiation stage. a secondn vivoinfection in which we discriminated PF&1 from

. . CD169°S B cells. Moreover, to ascertain that our rst results
In vivo PRRSV Interact With EffM 8 could be extended to di erent strains and times post-infection
and PFM 8 we then used Flanders 13 strain and sacri ced the animals 5

In vivo infections were performed to explore the mechanismsipi. Three infected animals were sacri ced, tracheobroathN
used by PRRSV to persist in the porcine LN, and its impact ogells were isolated and analyzed using the same gating as in
the follicular B cell maturation process. Figure 4B Upon infection, a proportional decrease of e8viand

FIGURE 5 | Identi ed tracheobronchial lymph nodes B cell populations reapitulate the B cell differentiations steps. mRNA expressn by RT-qPCR of B cell
differentiation genes, in the sorted populations de ned irFigure 4B . Arbitrary unit: A.U. represents 2 ict using RPS24 as reference gene. The Mann-Whitney's test
was performed. P-values*<0.05, **<0.01, ***<0.001, ****<0.0001.
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FIGURE 6 | effM8 and PFM8 interact with FL13 PRRSVIn vivoinfected and control tracheobronchial LN cells were sortedising previous gating strategy de ned in
Figures 2A , 4B. (A) Evolution of population upon infection were analyzed as a peentage of each population among the total LN live cells exacted from ow
cytometry data. (B) Detection of viral RNA were performed on sorted cells by RTRCR. # highlights when the infected animals were all upper or lowethan

the controls.

an increase of plasmablasts were observed while no changeinnLN M8 upon FL13 infection. PRRSV infection induced the
the proportions of the other cell types occurrdeigure 6A). The  transcriptomic upregulation of BAFF in e M@ (Figure 7A) but
populations were sorted and viral RNA content was measuredid not modify IL-10 and IL-21 transcriptional expressions.

by RT-gPCR. In agreement with the preliminary experiment, We then tested if PRRSV infection impacted the B cell
PRRSV RNA was detected in e®/(Figure 6B) [Ct D 29.0 di erentiation program by measuring the expression of 5 B
1.3 (SD)] but notin the cordM (CtD 35.6 0.7). Interestingly cell transcription factors (BCI6, Pax5, IRF4, XBP1, Blimpl).
PFM8 (CtD 27.8 1.5) but not CD168°SB cells (CtD 35.8 Strikingly, CD1698° B cells but not CD16%Y centroblasts or
2.6), were positive. No PRRSV RNA was consistently detectedather B cell di erentiation stages, presented a 2.4-time éase
the B cell compartment. Thus, 10 days post-Lena infection anth BCL-6 expression, paralleled with a 1.8-fold increase in
5 days post-FL13 infection we observed cell depletion and vird opoisomerase [IAKigure 7B).

RNAine M 8 as well as viral RNA in PFBI.

DISCUSSION

In vivo PRRSV InfeCtl(_)n Triggers In mammalians, the lymph node is the control center
Upregulation of BAFF in EffM 8 and of BCI6  of the adaptive immune response, thats why eorts have

in CD169P° B Cells been developed recently in the mouse model to better
The expression of cytokines involved in B celldescribe its structure/function relationships, leadingatdetter
survival/maturation, IL-10, IL-21 and BAFF were measuredunderstanding of LN cells complex relationships, in steady
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FIGURE 7 | PRRSV/FL13 infection triggers BAFF upregulation in macroplges and BCL-6 upregulation in CD169°S B cells. Macrophages and B cells were sorted
from in vivoinfected tracheobronchial LN at 5 days post FL13 PRRSV infé¢ion. (A) mMRNA expression of cytokines was measured by RT-gPCRB) mRNA expression
of B cell transcription factors involved in the different Bell differentiation steps was measured by RT-qPCR highlights when the infected animals were all upper or
lower than the controls.

states and infectious situation$-50). Although several swine vessel. Indeed their phenotype (CDREBEBCD16F°YCD21°%9)
pathogens, among them PRRSV, are known both to persist icorresponds to the CD189¥CD163°° phenotype known for
the LN and to strongly delay the onset of an e ective immuneMSM (8) rather than to the phenotype of murine SCS
response, the structure of the porcine lymph node and its stgki (CD16%°YCD163'™9) (51) (Table 2. In mouse, these MSM
inverted peculiarity had never been precisely investigated. have been proposed to play a role in the clearance of the
Herein, we rst explored the inverted structure of the pig lymphatic uid before its exit to the main blood circulatiors}.
LN according to LN M8 populations and B cell maturation CordM8 are clearly positioned along the medullary cords with a
stages. The e M population had a subcapsular localization phenotype similar to the mouse MCM (CD1®3 CD169'¢9).
at the exit of the LN, whereas human and mice SC8 ke Finally, PFM8 appeared to be the equivalent of murine SCS
positioned at the entrance of the LN. Because of this disbngt M8 (Table 2. They presented a CD18%/CD163*YCD21"¢9
pig subcapsular @ are expected to be endowed with di erent phenotype compatible with mouse SC8 Mnd with the porcine
functions compared to mouse and human SC® MDue to CD16%° spleen M (27), which are the likely counterpart of
their localization before the e erent lymphatic, we consielér metallophilic marginal zone M, i.e., the spleen equivalent of
them as the likely functional equivalent of the mouse MSMSCS %2). We brought here evidences that PBMare positioned
localized in the medullary sinus, just before the e erentphmatic  at the interface between a erent lymph and B cell follicles and
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TABLE 2 | Tracheobronchial lymph nodes macrophages comparison beteen

mouse and swine.

LN cells, we analyzed the di erent 8 and B cell populations
upon PRRSYV infection. According to their PRRSV RNA level
associated with their depletion upon infection, e8are likely

Mouse Swine
productively infected by both FL13 and Lena viruses. Because
Antigen entry Name SCS MB PFM8 of e M 8 localization, and since their depletion might preclude
(afferent) them to play their role of e erent lymph scavenger, this infecti
Location Subcapsular & Perifollicular might increase the dumping of viral particles from the LN to the
perifollicular blood circulation, thus contributing to the viremia. Compgat
Phenotype  CD16§°/CD163  CD169°/CD163 5 ¢\ 8, PCMB and cDC2 did not present consistent PRRSV
Main function iﬁ:‘;igefglt“’ngfe’ / RNA levels. Interestingly, PFBA presented comparable viral
Lymphocytes exi Name e corde RNA load as e MB, whereas PFB! did not e_xpres_s the major
(efferentHEV) PRRS_V entry receptor CD163. For several V|_ru§6)s(t has been
Location Medulary cord Cord described that SCS (tHe=ona .de PFM8 murine counterpart)
Phenotype CD169 /CD163C  CD169 /cDisaC &€ endowedlwnh the gapacny to capture. Iymph-borne viruses
Main function  Plasma cells , for presentation to follicular B cells, being infected or not.
maturation Unfortunately, the scarcity and the fragility of PBVdid not
Fluid exit (efferent)  Name MSM offB allow us to unambiguously test their capacity to replicate PRRSV
Location Medullary sinus Subcapsular in vitro. However, the absence of CD163 expression associated
Phenotype cD16F CD169C/CD163C tq th_e fac'_t that PFM did not experience depletion upom _
Main function  Lymph clearance vivo infection are in agreement with the occurrence of a viral
before exit interaction without productive infection.

Concerning the modulation by PRRSV of cytokine
expressions related to B cell homeostasis, BAFF was found to be
upregulated in LN M8 upon infection whereas levels of IL21

that they are endowed with the capacity to bind and transfeand IL10 were unchanged. Although limited, this informatio
antigens from the sinus to the intrafollicular compartmerg a is in agreement with an adequate survival environment for
described for murine SCS 81 (10, 53-55. We did not nd
evidence neither of tangible body 8 nor of T cell zone B cells, in close contact with PRV] presented increase of BCL-6
M8, probably because of their absence of expression of CD1@9pression and proliferation. Although it is di cult to interpat
and CD163, the two markers we used here for porcine LNhese data without a comparison with another respiratory
M8 identi cation.
We observed a CD18% B cell population positioned inside as in uenza, the strict limitation of BCL-6 upregulation and

the B cell follicles at the contact with PRM Except their

exhibition of CD169, these cells are CH%lgM"eYCD2"eq,

activated B cells. In the B cell compartment, only the C[’289

virus triggering a normal neutralizing antibody responselsu

proliferation in CD169° B cells led us to hypothesize a
blocking of early centroblasts at this immature low a nityate.

They are proliferating and their MGG phenotype as wellinterestingly, in germ free piglets PRRSV infection triggers a
as transcription factors expression (BCL-6 and PAX5) ar@on-antigen selective expansion of B cells in all immunoglimbul
characteristic of the centroblastic stage. Interestinighse cells classes, suggestive of a PRRSV-induced defect in the B cells
exhibit CD169 proteins at their surface without detectablematuration process 56). This blocking might contribute to
mRNA. This discrepancy between mRNA and protein expressiothe PRRSV-induced defect in the B cell maturation process
associated with their observed close interaction with BFM observed by Sinkora et ab®), linked with the production of
supports the acquisition of CD169 molecules by intrafollicula hydrophobic binding sites autoimmune-like antibodie57).
CD21P°S centroblasts through trogocytosis upon intimate These observations might be related to similar B cell maiomat
contact with CD169-expressing PBM This membrane material defects $8) as well as low-a nity autoimmune antibodies
exchange gives credit to the possibility of antigen tranBfam  appearance 59) observed in HIV infections, another single
PFM8 to CD16%°S B cells. Indeed, the B cell interaction with strand positive RNA virus, in which the gp120 virus envelope
antigen-bearing PF@ in the porcine lymph node appears protein act directly on B cell membrane proteins to trigger a
similar to the previously described murine SCS3 KB cells polyclonal, non-protective B cell respons&l); In conclusion,
interaction in their relay on antigen transport from the capesu we observed in porcine tracheobronchial LN a strong PRRSV
to the follicle (L0, 53, 54). Interestingly, in pig, these antigen- signal associated with depletion of the e8] in agreement
transporting B cells belong to the centroblast stage, wisereavith a productive infection that can participate to the viremia
in mouse, naive B cells are supposed to ful ll this task)( Conversely, interaction of PRRSV with PBMmight favor a
Centroblasts are the cells de ning the dark zone, this meandirect or indirect action of the virus on CD18% B cells, leading
that, dierently from mouse SCS B! which are in contact to their blocking in a BCLB9" state.

with the centrocyte-occupied light zone, porcine P&Mire in The ne description of the inverted porcine LN ®1
contact with the centroblast-occupied dark zone. It remaims and B cell dierentiation steps will open the possibility to
be explored how this striking di erence may a ect the follicular visualize the action of PRRSV and other porcine viruses,
functions of the porcine LN. After pro ling the steady state of such as the African swine fever virus, the classical swine
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fever virus and the porcine circovirus type 2 in this FUNDING

main place of the adaptive immune response initiation.
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