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The follicle-associated epithelium (FAE) is a specialized structure that samples luminal

antigens and transports them into mucosa-associated lymphoid tissues (MALT). In

mammals, transcytosis of antigens across the gut epithelium is performed by a subset

of FAE cells known as M cells. Here we show that colony-stimulating factor 1 receptor

(CSF1R) is expressed by a subset of cells in the avian bursa of Fabricius FAE. Expression

was initially detected using a CSF1R-reporter transgene that also label subsets of bursal

macrophages. Immunohistochemical detection using a specific monoclonal antibody

confirmed abundant expression of CSF1R on the basolateral membrane of FAE cells.

CSF1R-transgene expressing bursal FAE cells were enriched for expression of markers

previously reported as putative M cell markers, including annexin A10 and CD44. They

were further distinguished from a population of CSF1R-transgene negative epithelial

cells within FAE by high apical F-actin expression and differential staining with the

lectins jacalin, PHA-L and SNA. Bursal FAE cells that express the CSF1R-reporter

transgene were responsible for the bulk of FAE transcytosis of labeled microparticles

in the size range 0.02–0.1µm. Unlike mammalian M cells, they did not readily take

up larger bacterial sized microparticles (0.5µm). Their role in uptake of bacteria was

tested using Salmonella, which can enter via M cells in mammals. Labeled Salmonella

enterica serovar Typhimurium entered bursal tissue via the FAE. Entry was partially

dependent upon Type III secretion system-1. However, the majority of invading bacteria

were localized to CSF1R-negative FAE cells and in resident phagocytes that express

the phosphatidylserine receptor TIM4. CSF1R-expressing FAE cells in infected follicles

showed evidence of cell death and shedding into the bursal lumen. In mammals, CSF1R

expression in the gut is restricted to macrophages which only indirectly control M cell

differentiation. The novel expression of CSF1R in birds suggests that these functional

equivalents to mammalian M cells may have different ontological origins and their

development and function are likely to be regulated by different growth factors.
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INTRODUCTION

The mucosal immune system in the gut is continuously exposed
to foreign material in the form of food antigens, commensal
organisms, and potential pathogens. To initiate an effective
mucosal immune response, antigens are transported across
the epithelium into MALT. In birds, which lack draining
lymph nodes, MALT are the main sites of antigen-specific
activation of mucosal B and T cells. In the chicken gut,
the MALT are comprised of solitary or aggregated lymphoid
follicles with structures resembling mammalian Peyer’s patches
(PP) as well as avian-specific lymphoid tissues such as bursa
of Fabricius, caecal tonsils and Meckel’s diverticulum (1). In
both mammals and birds the specialized follicle-associated
epithelium (FAE) overlying the MALT contains a population
of specialized highly endocytic cells that transfer particulate
antigens and microorganisms to underlying immune cells (2).
In mammals these so-called “M cells” within the FAE have
uniquemorphological features, including reduced glycocalyx and
microvilli and an intraepithelial pocket beneath the basolateral
membrane which contains various populations of lymphocytes
and mononuclear phagocytes. In murine PP approximately 10%
of the epithelial cells within the FAE are M cells, with the
remaining population comprised of absorptive enterocytes and
occasional goblet cells (2).

In birds, FAE overlying the follicles of the bursa of Fabricius
has been the most studied (3–6).The bursa is a blind-ended sack,
connected to the proctodeum by a slit-like duct. The bursa is both
a primary lymphoid organ, essential for B cell development and
generation of antibody diversity, and a secondary lymphoid tissue
(7). Environmental antigenic material gains access to the bursal
lumen from the gut or directly from the external environment
via the phenomenon known as cloacal drinking, which is the
reflexive intake of fluids applied to the external cloacal lips
through the cloaca to the proctodeum and bursa (8, 9) The
bursal FAE has been proposed to be comprised of a uniform
population of antigen sampling epithelial cells (3, 6), interspersed
with cells of haematopoietic origin, including macrophages (5).
Due to their anatomical location, morphology and apparent role
in sampling and transporting luminal antigens, bursal FAE cells
have also been called M cells (6, 10, 11). However, their exact
relationship to mammalian M cells has not been determined.
To date no specific marker(s) for avian antigen sampling FAE
cells has been identified, significantly hampering studies of their
development and function.

Here we show that the colony-stimulating factor 1 receptor
(CSF1R) is expressed in the FAE cells in the avian GALT. In
mammals and birds, the proliferation and differentiation of cells

of the macrophage lineage is controlled by signals from the
CSF1R initiated by two ligands, macrophage colony-stimulating

factor (CSF1, also known as M-CSF) and interleukin 34 (IL-

34). In mammals, CSF1R is expressed in placental trophoblasts
throughout embryonic development (12), driven by a cell-type-

specific promoter (13). In the embryo itself and in all adult
tissues, the expression of Csf1r mRNA and protein is restricted
to myeloid lineage cells [reviewed in (14)]. In mammals,
CSF1R is not expressed in M cells, although CSF1R-dependent

macrophages do contribute to the control ofM cell differentiation
(15). Based upon the findings in mammalian systems, we
utilized regulatory elements of the chicken CSF1R locus to
generate macrophage-restricted reporter transgenic bird lines
(16). Transgene expression provided a marker to study the
development of the mononuclear phagocyte system of the chick
embryo. As in mammals, the transgene was also expressed in
heterophils, the avian equivalent of neutrophils (16–18).

We reported previously the surprising finding that CSF1R-
reporter transgenes are expressed outside the myeloid lineage
in FAE-like structures in the respiratory tract (19). Here we
show that expression of the reporter genes accurately reflects
high expression of CSF1R protein in the FAE of the bursa.
Utilizing the CSF1R-transgenic chickens we show that the bursal
FAE is comprised of different cell types including CSF1R-
transgene expressing epithelial cells and a phosphatidylserine
receptor T cell immunoglobulin andmucin domain-containing 4
(TIM4) expressing phagocyte population which does not express
the CSF1R-transgene. The expression of our CSF1R-transgene
allows visualization and functional characterization of distinct
cell populations within FAE. Bursal FAE cells that expressed
the CSF1R-transgene were enriched for transcytotic capacity,
exhibiting high levels of apical F-actin and differential staining
with the lectins jacalin, PHA-L and SNA compared to other FAE
cell populations. Our findings support the view that while the
chicken FAE is functionally similar tomurine FAE, it is composed
of distinct cell types and the bursal FAE antigen sampling cells are
likely to have different ontological origins to mammalian M cells.

METHODS

Chickens and Ethics Statement
CSF1R-eGFP/mApple reporter transgenic chickens and wild type
control chickens were supplied at 4–6 weeks of age by the
National Avian Research Facility, The Roslin Institute, Edinburgh
(UK). The production of the transgenic chicken lines used
in this study has been previously described (16). Briefly, the
chicken CSF1R promoter region and Fms intronic regulatory
element were used to drive expression of a fluorescent protein
(eGFP or mApple) reporter. The birds that carry a copy of this
transgene show high levels of expression of the CSF1R-reporter
in the macrophage, monocyte and dendritic cells lineages and
at a much lower level in granulocytes (16). Expression of the
CSF1R-transgene has not been observed in non-myeloid cell
populations, with the exception of the antigen sampling epithelial
cells described in this study. The chickens were housed in groups
of 22–60 birds and received food and water ad libitum. The
chickens were maintained under conventional conditions and
received standard vaccination scheme against Marek’s disease
virus, Eimeria spp., infectious bronchitis virus, infectious bursal
disease virus and Newcastle disease virus. Animals were housed
in premises licensed under a UK Home Office Establishment
License in full compliance with the requirements of the Animals
(Scientific Procedures) Act 1986. Breeding of transgenic chickens
was carried out under the authority of Project License PPL
70/8940 with the consent of The Roslin Institute Animal Welfare
and Ethical Review Board. Administration of Salmonella was
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undertaken under the authority of Home Office project license
PCD70CB48, with the consent of the Ethical Review Committee
of the Moredun Research Institute. Chickens inoculated with
Salmonella were not vaccinated and were housed separately from
other birds.

In vivo Treatments
Chickens were administered intracloacally with 100 µl
FluoSpheres R© Carboxylate-Modified Microspheres (Thermo
Fisher Scientific (Life Technologies Ltd.), Renfrew, UK),
2% solids. Bead diameter routinely used was 0.1µm unless
otherwise stated. Birds were culled by cervical dislocation 3 h
after administration of beads. Bursae were removed from birds,
opened to expose the mucosal surface and were rinsed by dipping
3x in PBS to remove beads that had not been taken up by the

FAE. Whole mount imaging is described below. For estimating
bead uptake, the rinsed bursae were fixed overnight in 4%
paraformaldehyde in phosphate-buffered saline (PBS), washed in
PBS and perfused in 30% sucrose in PBS. Selected samples were
cryo-embedded in Tissue-Tek R© O.C.T.TM Compound (optimal
cutting temperature, OCT; Sakura Finetek Europe, Alphen aan
den Rijn, Netherlands) and sectioned at 10µm onto Superfrost
Plus (Menzel-Gläser, Braunschweig, Germany) slides.

Image Analysis
Bead fluorescence was estimated by first defining the CSF1R-
eGFP FAE as a region of interest (ROI) and calculating the
mean fluorescence intensity attributable to beads using ImageJ
software (http://rsb.info.nih.gov/ij/; National Institute of Mental
Health, Bethesda,Maryland, USA) as described on coded sections

TABLE 1 | Primary antibodies used in this study.

Primary antibody (clone;

catalog number)

Host Target Dilution References; source

LAMP1 (LEP100 IgG (formerly

called cv24); LEP100 IgG)

Mouse IgG1 Late endosomes/lysosomes 1/50 Lippincott-Schwartz and

Fambrough (21); DHSB*

CSF1R (ROS-AV170;

MCA5956GA)

Mouse IgG1 Macrophage

colony-stimulating factor 1

receptor

1/100 Garcia-Morales et al. (22);

Bio-Rad, Dalkeith UK).

CD45 (AV53; N.A.) Mouse IgG1 All chicken hematopoietic

cells, except erythrocytes

and plasma cells,

1/1,000 Institute for Animal Health, UK

Annexin A10 (N.A.; HPA005469) Rabbit IgG (polyclonal) Annexin A10 1/200 Atlas antibodies

CD44 (AV6; N.A.) Mouse IgG1 B-cells, T-cells, monocytes

and some epithelial cells

1/500 Institute for Animal Health, UK

L-plastin (N.A.; D-16) Goat IgG (polyclonal) Haematopoietic cells 1/200 Santa Cruz Biotechnology, Inc.,

Germany

EEA1 (N.A.; ab2900) Rabbit IgG (polyclonal) Early endosomes 1/200 Abcam, UK

Lysozyme (N.A.; ab391) Rabbit IgG (polyclonal) Lysozyme (hen egg white) 1/200 Abcam, UK

Gamma-actin (2A3;

MCA5776GA)

Mouse IgG2b Cytoskeleton 1/200 Dugina et al. (23); Bio-Rad,

Dalkeith, UK

TIM4 (JH9) Mouse IgG1 Phosphatidylserine receptor 1/1,000 Hu et al. (24); N.A.

IgG1 isotype control, mouse

(GR13.1)

Mouse IgG1 anti-ovine CD335 Various Bio-Rad, Dalkeith UK

IgG2b isotype control Mouse IgG2b Anti-rat surface protein Various Bio-Rad, Dalkeith UK

Rabbit control IgG Rabbit IgG Purified rabbit IgG Various Bio-Rad, Dalkeith UK

*Developmental Studies Hybridoma Bank, Iowa City, IA.

TABLE 2 | Lectins used in this study.

Lectins (catalog number) Target Dilution Manufacturer

Phaseolus vulgaris- Leucoagglutinin

(PHA-L—FITC; FL-1111)

Complex oligo-saccharides

Containing galactose,

N-acetyl-glucosamine, mannose

1:200 Vector Laboratories, UK

Jacalin—biotin (B-1155) O-glycoproteins 1:500 Vector Laboratories, UK

Wisteria Floribunda Lectin (WFA—FITC;

FL-1351)

N-acetylgalactosamine linked α or β

to the 3 or 6 position of galactose

1:200 Vector Laboratories, UK

Sambucus Nigra (SNA—FITC; FL-1301) Sialic acid attached to terminal

galactose in α-2,6 and to a lesser

degree, α-2,3

1:200 Vector Laboratories, UK
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(20). Background intensity thresholds were first applied using
an ImageJ macro which measures pixel intensity across regions
free of beads. The obtained pixel intensity threshold value was
then applied in all subsequent analyses. Next, the number of red
pixels were automatically counted. For these analyses, data are
presented as the proportion of positively-stained red pixels in the
specific area of interest (e.g., FAE). In each instance, 10 images
were analyzed per chicken, from bursal tissues from multiple
chickens per group (n= 3 chickens/group).

Immunohistochemistry
Tissue samples were fixed overnight in 4% paraformaldehyde
in PBS, washed in PBS and perfused overnight in 30% sucrose
in PBS. Selected samples were cryo-embedded in OCT and
sectioned at 10µm onto Superfrost Plus slides. For anti-CSF1R
staining, tissues were embedded in OCT without fixation,
sectioned and fixed with 100% methanol at 4◦C for 10min
before air-drying for 1 h at room temperature. All primary
antibodies and lectins used in this study are shown in Tables 1,
2, respectively. Alexa Fluor R© 647 phalloidin (Thermo Fisher
Scientific (Life Technologies Ltd.), Renfrew, UK, diluted 1/50)
was used for F-actin staining. All slides were blocked for
1 h in 2.5% skimmed milk powder (Oxoid Ltd., Basingstoke,
UK), 2.5% normal horse serum (Sigma, Gillingham, UK),
0.1% Triton X-100 (Sigma, Gillingham, UK) in PBS (MST-
PBS). Isotype matched antibody controls (Table 1) were added
at the same concentration as primary antibodies. Control
staining for lectin was performed by excluding labeled lectin.
Antibodies were diluted in MST-PBS and all washes were
in PBS. Primary antibodies (Table 1), including rabbit anti-
GFP Alexa Fluor 488, were incubated at 4◦C overnight,
followed by incubation with secondary antibodies for 2 h
(donkey anti-rabbit IgG Alexa Fluor 488, donkey anti-goat
IgG Alexa Fluor 488, donkey anti-mouse IgG Alexa Fluor
594/647; all used at 1/300 dilution; Thermo Fisher Scientific
(Life Technologies Ltd.), Renfrew, UK), and mounted in
ProLong R© Gold Antifade Mountant (Thermo Fisher Scientific
(Life Technologies Ltd.), Renfrew, UK). Where appropriate,
sections were counterstained with 1µg/ml 4′, 6′-diamidino-
2-phenylindole (DAPI; Sigma, Gillingham, UK) in the final
incubation step. Samples were imaged using an inverted confocal
microscope (Zeiss LSM710).

For whole mount immunostaining of the bursal FAE,
0.5 × 0.5 cm sections of 4% PFA fixed bursa tissue were
placed in a 1.5ml Eppendorf tube and blocked with
1ml of 2.5% normal horse serum, 0.1% Triton X-100
in PBS for 1 h at room temperature. Primary antibodies
(Table 1) and lectins (Table 2) were added to fresh blocking
solution at the indicated dilutions and samples incubated
with rocking at 4◦C overnight. Isotype matched antibody
controls (Table 1) were added at the same concentration
as primary antibodies. Control staining for lectin was
performed by excluding labeled lectin. Tissue samples were
washed for 30min in PBS and either secondary antibodies,
fluorochrome labeled streptavidin or fluorochrome labeled
Phalloidin (Thermo Fisher Scientific (Life Technologies Ltd),
Renfrew, UK) were added to the samples in fresh blocking

solution, then incubated at room temperature with rocking
for 2 h. Tissue samples were washed for 30min in PBS
before imaging.

Microscopy
Images of cryosections were captured using Zeiss ZEN software
(Carl Zeiss Ltd., Cambridge, UK) and analyzed using Imaris

FIGURE 1 | The expression of the CSF1R-transgene in the bursal FAE. (A)

CSF1R-eGFP expressing cells are found in the bursal medulla, cortex,

inter-follicular mesoderm and FAE. CSF1R-eGFP expressing; bursal secretory

dendritic cells (white asterix) are found in the medulla, whereas

uncharacterized subsets of CSF1R-eGFP expressing phagocytes are found in

the cortex (yellow arrow) and inter-follicular regions (red arrow); scale bar =

50µm. (B) The bursal FAE is composed of CSF1R-transgene expressing

epithelial cells and TIM4+ phagocytes (red). A representative CSF1R-eGFP
expressing bursal secretory dendritic cell and TIM4+ CSF1R-eGFP-
phagocyte in the medulla are marked with a red and yellow arrow, respectively;

scale bar = 10µm. (C) Confocal microscopy section of a single bursa FAE,

TIM4+ phagocytes (red) do not express CSF1R-eGFP (yellow arrows), unlike

the majority of FAE epithelial cells (green cells); scale bar = 20µm.

Representative of three independent experiments.
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software, version 8.2 (Bitplane, Zürich, Switzerland). For
imaging of whole mount immunostained tissues, a 35 ×

10mm petri dish was modified by cutting a hole in the
lower section and fixing a coverslip over the hole with nail
polish. Stained bursas were placed on the coverslip, with
the epithelial surface in contact with the cover slip. Samples
were imaged using an inverted confocal microscope (Zeiss
LSM710). For 3D-rendering, confocal z-stacks were created by
obtaining images at 0.45µm intervals. Images were captured
using Zeiss ZEN software and analyzed using Imaris software,
version 8.2.

FIGURE 2 | Bursal FAE cells express the CSF1R-eGFP transgene and CSF1R

protein. (A) The bursal FAE is a heterogeneous structure consisting of

CSF1R-transgene expressing epithelial cells (green) and CD45+

haematopoietic cells (red). The insert shows the detail of a CD45+ cell located

between two epithelial cells; scale bar = 10µm. (B) CSF1R protein is

expressed in the same cells as the CSF1R-eGFP transgene in the bursa of

Fabricius, including the FAE (B; white arrows); scale bar = 100µm. (B,C)

CSF1R protein is concentrated on the basolateral membrane of

CSF1R-eGFP+ FAE epithelial cells and distributed in a punctate manner; scale

bar = 20µm. Representative of three independent experiments.

Bacterial Strains and Culture Conditions
A defined mutant of ST4/74 nalR lacking prgH was generated by
λRed recombinase-mediated integration of linear PCR products
as previously described (25). Briefly, the pKD4-encoded
kanamycin (kan) resistance cassette was amplified with primers
(prgH::kanF 5′-gtgcggtaatctgctgcttatcgagaacgacagacatcgcta
acagtatatgtgtaggctggagctgcttc-3′and prgH::kanR 5′-agatagcct
gaccaaggtgttgccataatgacttccttatttacgttaaaccatatgaatatcctcctta-3′)
which include 51bp extensions homologous to the flanking
regions of prgH. This amplicon was electroporated into ST4/74
expressing λRed from plasmid pKD46 recombinants selected as
described (26) and confirmed by PCRwith primers flanking prgH
(prgH::kan_diag F 5′-ggggatgatggtttcttttaa-3′ and prgH::kan_diag
R 5′-ccgagagcttactctgatac-3′). The mutant was further validated
by Western blotting of secreted proteins for the T3SS-1 effector
SipC (not shown). Both ST4/74 nalR and its derivative ST4/74
nalR 1prgH::kan were transformed with plasmid pFC(c)G(i)
which constitutively expresses mCherry (27), and expression of
mCherry confirmed by fluorescence microscopy.

Infection of CSF1R-eGFP Chickens With
mCherry-expressing Salmonella Strains
Thirty-six CSF1R-eGFP reporter transgenic chickens were
housed under specified pathogen-free conditions from the day
of hatch and a sterile irradiated diet (DBM Ltd., UK) and water
were provided ad libitum. At 4 weeks of age, 18 birds were
inoculated intracloacally with 100 µl of ST4/74 nalR (3.35 × 108

CFU) or ST4/74 nalR 1prgH::kan (3.35 × 108 CFU) expressing
mCherry from plasmid pFC(c)G(i). Birds inoculated with the two
strains were housed separately and 6 birds from each group were
culled by cervical dislocation at 30min, 1 and 3 h post-infection.
The bursa was collected and split into 2 parts—one for bacterial
enumeration and one for immunofluorescence microscopy. To
enumerate bacteria, 1 g of bursa was added to 9ml of PBS
and dissociated to a single-cell suspension using a gentleMACS
Dissociator in gentleMACS C Tubes (Miltenyi Biotech, Woking,
UK) using the Intestine programme. Ten-fold serial dilutions of
the resulting single cell suspension were plated onto MacConkey
agar supplemented with 20µg/ml of nalidixic acid and 100µg/ml
ampicillin and incubated overnight at 37◦C to recover total
bacteria. An aliquot of the single cell suspension was also treated
with gentamicin at a final concentration of 100µg/ml and
incubated at 37◦C for 30min to kill extracellular bacteria. Ten-
fold serial dilutions of the gentamicin-treated suspension were
plated onto MacConkey agar supplemented with 20µg/ml of
nalidixic acid and 100µg/ml ampicillin and incubated overnight
at 37◦C to enumerate intracellular bacteria.

Statistical Analysis
Unless indicated otherwise, differences between groups were
analyzed by a Student’s t-test. The significance of differences in
total and intracellular bacterial numbers detected in the bursa
of birds inoculated with the wild-type ST4/74 nalR or its prgH
mutant, ST4/74 nalR 1prgH::kan, were determined using post-
hoc Dunnet’s tests following fitting of a third order hierarchical
general linear model, taking into account interactions between
the time of sampling, treatment group and localization of bacteria
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using the Minitab 17 software (Minitab, Coventry, UK). In
instances where there was evidence of non-normality (identified
by the Kolmogorov-Smirnov, D’Agostino & Pearson omnibus, or
Shapiro-Wilk normality tests), data were analyzed by a Mann-
Whitney U-test. Values of P < 0.05 were accepted as significant.
All data are presented as mean± SD.

RESULTS

CSF1R-Transgene Expression Allows
Differential Visualization of Mononuclear
Phagocytes and Epithelial Cells That
Comprise the FAE of the Bursa of Fabricius
Consistent with expression of CSF1R protein, and macrophage-
specific transcription, the CSF1R-eGFP transgene labels cells
with morphology typical of mononuclear phagocytic cells
in the medulla, cortex and inter-follicular regions of the

bursal follicle (Figures 1A,B). CSF1R-transgene expressing
cells in the medulla are bursal secretory dendritic cells (16),
whereas CSF1R-transgene expressing cells in the cortex and
inter-follicular regions have yet to be defined. The bursal FAE
also showed strong expression of the CSF1R-eGFP transgene
(Figure 1A). While most of the studies described here use
the CSF1R-eGFP reporter transgene (to facilitate double
labeling), expression of the independent CSF1R-mApple
reporter transgene was also observed in the same subsets of
cells (see below). While the bursal follicle, including the FAE,
contains macrophages, these macrophages do not express typical

avian macrophage markers (28, 29). In common with other

macrophages within bursal follicles, as opposed to inter-follicular
populations (30), we found that macrophages in the FAE did

not express the CSF1R-transgene but could be identified by

the expression of TIM4 (Figures 1B,C). Differential CSF1R-

transgene expression and TIM4 staining of cells in the bursal
FAE indicated that CSF1R-transgene expression in the FAE

FIGURE 3 | Co-expression of putative M cell markers in the bursal FAE. (A) Cytoplasmic expression of the putative M cell marker annexin A10 is seen in CSF1R-eGFP
FAE cells. CSF1R-eGFP negative cells containing condensed and fragmented cell nuclei (yellow arrowheads) are abundant in the FAE. (B) Membrane associated

staining for CD44 (red) is seen in CSF1R-eGFP epithelial cells (B; red arrows); (C) L-plastin+ cells (red) are found in the medulla and FAE. (D) CSF1R-eGFP FAE are

enriched for EEA-1 staining compared with IFE cells, whereas (E) IFE cells are enriched for lysozyme compared to CSF1R-eGFP expressing FAE cells. (F) Gamma

actin (red) is expressed in the bursal CSF1R-eGFP expressing FAE cells, but not the IFE cells. Scale bar for all images = 10µm. Representative of 7–15 individual

follicles, 2–5 experiments.
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was not due to the presence of macrophages (Figures 1B,C).
Indeed, CSF1R-transgene expressing cells were also negative
for the pan-haematopoietic cell marker CD45 (Figure 2A). The
intensity of eGFP expression between individual cells of the
FAE was somewhat variable, suggesting dynamic expression
of the CSF1R-transgene (Supplementary Figure 1D). The
morphology of bursal CSF1R-transgene expressing cells of
the FAE was consistent with their identification as antigen
sampling bursal FAE cells, having a tapered or branched basal
cytoplasm [Figure 2A; (3, 31–34)]. Murine M cells have a
basolateral pocket structure, which contains lymphocytes and
mononuclear phagocytes (2). Basolateral pockets were not
observed in CSF1R-transgene expressing cells of the bursal
FAE, although TIM4+ macrophages were observed intimately
associated with the basolateral surface and between individual
CSF1R-transgene expressing cells of the FAE (Figure 1B). To
confirm the association of the CSF1R-transgene with expression

of CSF1R protein we used an anti-chicken CSF1R antibody
described previously (22). The FAE cells clearly expressed
both the CSF1R-transgene and abundant CSF1R protein
(Figures 2B,C; Supplementary Figure 1). CSF1R protein
was detected in the FAE of both wild type and transgenic
birds (Figure 3; Supplementary Figure 1B), whereas CSF1R-
transgene expression was only detected in transgenic birds
(Supplementary Figures 1A,C). CSF1R protein staining
was punctate and restricted to the basolateral membrane
(Figures 2B,C) suggesting that it may function as a receptor
for one of the two ligands, CSF1 and IL-34, acting directly on
the FAE.

CSF1R-transgene Expressing Bursal FAE
Cells Stain With Putative M Cell Markers
We examined the distribution of markers previously reported
as putative pan-M cell markers (annexin A10, CD44, L-plastin),

FIGURE 4 | The bursal FAE is a heterogeneous structure. Double label lectin staining was performed on bursal whole mount preparations. Dotted line denotes the

extent of the bursal FAE. Confocal analysis indicates that Jacalin+ cells (red) are found in the bursa FAE and can be differentiated from IFE mucin producing cells due

to the lack of WFA lectin co-staining (A). Jacalin+ FAE cells also co-stain with PHA-L (B) and SNA lectins (C). Scale bars = 10µm Representative of 5–15 individual

follicles.
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on the basis of enriched gene expression in chicken bursal FAE
cells and murine PP M cells (6), on CSF1R-transgene expressing
FAE cells. Expression of annexin A10, CD44, and L-plastin
was enriched in the FAE in comparison to the inter-follicular
epithelium (IFE) (Figures 3A–C). Annexin A10 staining was
largely restricted to the apical cytoplasm of FAE cells (Figure 3A,
Supplementary Figure 2A) while CD44 expression was observed
on the basolateral membranes of FAE cells and the majority of
lymphocytes in the medulla and cortex (Figure 3B). L-plastin
staining differentiated the FAE from the IFE (Figure 3C), but this
staining was not specifically associated with CSF1R-transgene
expressing FAE cells (Figure 3C). Of these three putative M
cell markers, annexin A10 appeared to be the most specific for
CSF1R-transgene expressing bursal FAE cells, although some
scattered cell staining was observed throughout the bursal follicle
(Supplementary Figure 2A). Previously we have shown that the
CSF1R-transgene is also expressed in FAE cells of bronchus-
associated lymphoid tissue [BALT; (19)]. In contrast to bursal
CSF1R-eGFP expressing FAE cells, in the lung we observed
that annexin A10 expression was not restricted to CSF1R-eGFP
expressing FAE cells indicating that this is not a universal
marker of CSF1R-eGFP expressing FAE cells in chicken MALT
structures (Supplementary Figure 2B). Bursal FAE and IFE cells
could also be distinguished from each other on the basis of

FIGURE 5 | CSF1R-transgene expressing, but not jacalin lectin staining, bursa

FAE cells express high levels of F-actin. Triple label staining was performed on

bursal whole mount preparations. The mucosal surface of the bursa of

Fabricius is shown rendered from the Z-stack dataset of 57 × 0.73µm images

using Imaris software. F-actin staining is concentrated in the FAE. Jacalin+

FAE cells have much reduced F-actin staining compared to CSF1R-transgene
expressing FAE cells. Representative of 10 individual follicles. Scale bar =

10µm.

differential staining for lysozyme, early endosome antigen 1
(EEA-1) and gamma-actin (Figures 3D–F). Staining for CD44,
L-plastin, EEA-1 and gamma-actin was continuous between the
FAE and the medulla indicating that these markers are not
specific for FAE CSF1R-transgene expressing cells and raised
the possibility that positive staining for all these markers in
the FAE was due to the presence of haematopoietic cells.
Analysis of other GALT structures confirmed that the CSF1R-
transgene was also expressed in FAE cells in the caecal tonsil
and proctodeum (Supplementary Figure 3), demonstrating that
CSF1R-transgene expression is a marker for FAE cells in diverse
chicken MALT.

F-actin and Jacalin Lectin Are Reliable
Markers for Antigen Sampling Cells That
Express CSF1R-transgene in the FAE
Previously bursal FAE and IFE cells, the latter largely consisting
of mucin-secreting cells (5, 31, 35), have been distinguished from
each other on the basis of lectin binding on tissue sections (11, 36,
37). CSF1R-transgene expression distinguished the bursal FAE
and IFE but some FAE cells appeared to lack CSF1R-transgene
expression (Supplementary Figure 1D). Whole-mount lectin
staining was carried out to further characterize the bursal FAE
heterogeneity (Figure 4). None of the lectins tested stained
all FAE cells, but several lectins stained a sub-population
(Figures 4A–C). WFA stained IFE cells but was largely excluded
from the FAE (Figure 4A). Jacalin and PHA-L lectins labeled all
IFE cells, as well as scattered cells within the FAE (Figure 4B).
Most of the jacalin+ FAE cells were SNA+ (Figure 4C). The
lack of WFA and presence of SNA staining suggested that the
jacalin/PHA-L/SNA+ cells in the FAE were not mucin-producing
IFE cells.

Endocytosis and transcytosis involve remodeling of
membrane and the cytoskeleton lying beneath the cell membrane
(38). Murine M cells have high levels of F-actin and actin-
associated proteins associated with the apical cell membrane
(38). To determine if this was the case for CSF1R-transgene
expressing FAE cells we investigated F-actin expression in bursal
IFE and FAE cells by whole-mount IHC (Figure 5). F-actin,
visualized by phalloidin staining, was higher in the bursal FAE,
compared to the IFE (Figure 5; Supplementary Figure 4).
Within the FAE, CSF1R-transgene positive FAE cells expressed
high levels of F-actin (Figure 5), whereas jacalin+ FAE cells

TABLE 3 | Summary of F-actin and lectin staining on the bursa of Fabricius.

IFE FAE

CSF1R-Tg+ve CSF1R-Tg−ve

F-actin + +++ +

Jacalin +++ – +++

WFA* +++ – –

PHA-L* +++ – ++

SNA* –/+ – +++

*Staining on FAE transgene (Tg) +ve/–ve cells inferred by co-staining with jacalin.
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had visibly lower levels of F-actin (Figure 5). F-actin was
concentrated in the apical surface of CSF1R-transgene positive
FAE cells (Supplementary Movie 1). We conclude that the FAE
contains two distinct populations of epithelial cells distinguished
by CSF1R expression, lectin binding and apical F-actin. Staining
patterns of lectins and F-actin on bursa of Fabricius epithelial
cells is summarized in Table 3.

CSF1R-transgene Expression Identifies
Antigen Sampling FAE Cells in the Chicken
Bursa of Fabricius
The apical F-actin staining in CSF1R-transgene expressing cells
in the bursal FAE suggests that these cells have endocytic
and transcytotic capacity and may be functional equivalents
of mammalian M cells. To test this hypothesis, chickens
were inoculated with fluorescent 0.1µm latex beads via the
intracloacal route. Three hours after intracloacal inoculation,
beads were localized to discrete regions of the mucosal surface
in both the bursa and proctodeum (Figures 6A–D). To improve
image quality at low magnification, whole mount imaging of
live tissues CSF1R-mApple transgenic chickens was used in this
experiment (Figures 6A,B), whereas for PFA fixed tissuesCSF1R-
eGFP transgenic chickens were used (Figures 6C,D), as PFA
fixation reduces mApple fluorescence intensity. Figure 6E shows
whole-mount staining and 3D-reconstruction of an individual
bursa FAE, 3 h post-intracloacal challenge with beads. The
uptake of beads was confined to the CSF1R-eGFP expressing
FAE, but not the CSF1R-transgene negative IFE. This analysis
clearly showed that beads were located specifically in the CSF1R-
transgene expressing FAE cells in both the bursa of Fabricius
(Figures 6A,C,E) and the proctodeum (Figures 6B,D).

The antigen sampling potential of CSF1R-transgene
expressing FAE cells was further characterized by examining the
ability of bursal FAE cells to capture and transport fluorescently
labeled latex beads of different sizes and standardized shape.
Three hours after intracloacal inoculation, latex beads in the
size range of 0.02–0.1µm were efficiently taken up by the bursal
FAE (Figures 7A,B). Uptake of 0.01–0.2µm beads was uniform,
with the beads labeling the entire FAE (Figures 7A,B,D). By
contrast, few follicles internalized 0.5µm sized beads and
where this occurred, uptake was non-uniform across the FAE
(Figures 7C,E). Three hours post-cloacal challenge 0.1µm bead
uptake by the bursal FAE was significantly higher than for 0.5µm
beads (Figures 7F,G). Indeed, a maximum number of 5 beads in
a single FAE was observed for the 0.5µm bead challenge group,
indicating that the bursal FAE does not readily take up particles
of this size.

The uptake of 0.1µm beads by bursal FAE cells was examined
inmore detail by wholemount immunofluorescence staining and
confocal analysis (Figure 8; Supplementary Figure 5). Fifteen
minutes after intracloacal inoculation, 0.1µm latex beads were
concentrated immediately below the apical surface of FAE
cells (Supplementary Figure 5). Three hours after intracloacal
inoculation, 0.1µm latex beads were concentrated within
CSF1R-transgene positive FAE cells (Figure 8), located at
the basolateral surface of FAE cells (Supplementary Figure 5;

Supplementary Movie 2). Occasionally jacalin+ FAE cells were
observed to weakly express the CSF1R-transgene (Figure 8) and
in some cases these jacalin+ FAE cells were also associated
with beads (Figure 8). In contrast, in CSF1R-transgene+ jacalin−

cells the beads were largely associated with the basolateral
cell membranes (Supplementary Movie 2). We conclude that
CSF1R-transgene expressing cells are the subset of FAE that
efficiently internalizes smaller microparticles, but they do not
internalize particles approaching the size of bacteria.

Salmonella Specifically Enters the Bursal
FAE
Salmonella Typhimurium exhibits tropism toward mammalian
M cells as a portal of entry across the gut epithelium (39,
40). Invasion of mammalian M cells is partly dependent on
expression of the Type III secretion system-1 (T3SS-1) encoded
by Salmonella pathogenicity island 1 (SPI-1), which injects a
set of bacterial effector proteins that remodel the subcortical
actin cytoskeleton to engulf the pathogen (41, 42). To investigate
whether S. Typhimurium specifically invades bursal CSF1R-
transgene expressing FAE cells and whether this requires the
T3SS-1, we infected 4-week old CSF1R-transgenic chickens with
mCherry-expressing wild-type S. Typhimurium ST4/74 or a
1prgH::kan mutant. PrgH is a key component of the secretion
apparatus and null mutants are known to be impaired in
intestinal colonization (26), ileal invasion (43) and induction of
enteritis (44) in mammals. There was no significant difference in
total counts between the wild-type and the 1prgH::kan strains
(P = 0.33), demonstrating that within this short period of time
the net survival and replication of the 1prgH::kanmutant within
the bursa was not impaired. We detected significant differences
in total counts compared to gentamicin-protected bacteria for
both the wild-type and the 1prgH::kan strains at all time-points
(P < 0.001 for all comparisons), indicating that only a small
fraction of the total bacteria present were intracellular. When
taking into account all three time intervals, there was significant
difference in intracellular counts between the wild-type and
the 1prgH::kan strain (P < 0.001; c. 1 log10 CFU/g at each
time), indicating that bacterial entry into bursal tissue is partially
dependent on T3SS-1. At individual time-points, a significant
difference in invasion was observed at 0.5 h (P = 0.006) but
not at 1 (P = 0.224) or 3 h (P = 0.064). Notwithstanding
the small differences in apparent invasion based upon bacterial
counts, which partly reflect the variation between individual
infections, there was a clear differences were observed in bacterial
location. Wild-type bacteria were concentrated in the bursal FAE
(Figure 9A). No invasion of bursal tissues by the 1prgH::kan
strain was observed in whole mount images or confocal analysis
of tissues (data not shown). Wild-type (Figure 9B), but not
the 1prgH::kan strain, were detected in the bursal tissue by
3 h post-inoculation by confocal analysis. Salmonella were not
detected in the IFE. The vast majority of bacteria detected in
the FAE were found within CSF1R-transgene negative TIM4+

FAE phagocytes and contained within LAMP1+ vesicles, often
as large clusters of cells (Figure 9C). Only in rare instances were
individual bacteria observed within CSF1R-transgene expressing
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FIGURE 6 | CSF1R-transgene expression identifies functional antigen sampling FAE cells in the avian bursa of Fabricius. (A) Three hours post-intracloacal challenge

0.1µm fluorescent latex beads can be seen associated with individual lymphoid follicles of the CSF1R-mApple expressing bursa (scale bar = 1000µm) and (B)

proctodeum (scale bar = 200µm) in mucosal whole mount views. (C) Three h post-intraclocal challenge beads are found in CSF1R-eGFP expressing cells in the

bursal FAE and tissue underlying the FAE, indicative of active transcytosis by CSF1R-eGFP expressing FAE epithelial cells (scale bar = 50µm). (D) CSF1R-eGFP
expressing proctodeum FAE cells also take up beads 3 h post-intraclocal challenge (scale bar = 50µm). (E) Mucosal surface of the bursa of Fabricius is shown

rendered from the Z-stack dataset of 53 × 0.73µm images using Imaris software. Uptake of 0.1µm beads (red) is tightly associated with CSR1R-eGFP expressing

bursal FAE cells, but not CSF1R-eGFP negative IFE cells; scale bar = 20µm. Representative of 3 independent experiments.

FAE cells (Supplementary Figure 6). In follicles that had been
invaded by Salmonella the FAE cells showed evidence of blebbing,
cell death and shedding into the bursal lumen (Figure 9B;
Supplementary Figure 7).

DISCUSSION

Understanding the biology of antigen uptake in the gut has
been fundamental to the study of mucosal immune responses
in mammals. Mammalian M cells are the primary cell type that
transports microbes and macromolecules across the epithelial
cell layer from the gut lumen to the underlying GALT. Some

pathogens specifically target M cells to gain entry to host tissues
and by mimicking these pathogens the uptake and efficacy of

vaccines can be substantially improved by targeting them to M
cells (45–47). Mammalian and avian mucosal antigen-sampling

cells occupy similar anatomical niches and resemble each other in
terms of the uptake of macromolecules, transcytosis of antigens

and ultra-structure (3). In mammals FAE enterocytes have the

plasticity to transition intoM cells (48). This process is dependent

on stimulation from the cytokine receptor activator of NF-
κB ligand (RANKL) (49) and intrinsic expression of the Ets

transcription factor Spi-B (50). However, the spiB gene was

reported to be absent from the chicken genome (51) and is not
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FIGURE 7 | The bursal FAE efficiently takes up latex beads in the 0.02–0.1µm, but not the 0.5µm size range. Microscopic view of the mucosal surface of bursa from

CSF1R-mApple transgenic birds 3 h post intracloacalchallenge. (A,B) 0.02 and 0.1µm beads are efficiently taken up from the bursa lumen 3 h post intraclocal

(Continued)
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FIGURE 7 | challenge (A,B; scale bar = 200µm), (C) in contrast very few 0.5µm beads are taken up by the bursa FAE (C; scale bar = 200µm). (D) Representative

confocal image of section of bursa 3 h post intra-cloacal challenge with 0.1µm beads. Insert shows bead red fluorescence due to bead uptake, which represents

many thousands of beads. Red asterix indicate the location of individual FAE. Scale bar = 100µm. (E) Representative confocal image of section of bursa 3 h post

intra-cloacal challenge with 0.5µm beads. Insert shows bead red fluorescence due to bead uptake. In this example, three beads are observed. Red asterix indicate

the location of individual FAE. Scale bar = 100µm. Representative of 5–15 individual experiments. (F) Quantification of the area of individual FAE. (P = 0.369, t-test;
data derived from 10 FAE areas/chicken, n = 3 chickens/group). N.S. = not significant. (G) Mean bead fluorescence per FAE, AU = arbitrary units. Morphometric

analysis revealed a significant difference in uptake of 0.1µm compared to 0.5µm beads by individual FAE (P < 0.0001, Mann-Whitney U-test; data derived from 10

FAE areas/chicken, n = 3 chickens/group).

FIGURE 8 | CSF1R-transgene expressing bursal FAE cells are the functional

equivalent of mammalian M cells. Jacalin lectin staining was performed on

whole mount bursal tissue. The mucosal surface of the bursa of Fabricius is

shown rendered from the Z-stack dataset of 53 × 0.73µm images using

Imaris software. Three hours post-intraclocal challenge the majority of 0.1µm

latex beads are associated with CSF1R-transgene expressing FAE cells (red

arrow), but not jacalin lectin staining FAE cells. Occasionally jacalin+ FAE cells

expressing low levels of the CSF1R-transgene are observed (yellow arrow) and

also jacalin+ CSF1R-transgene negative FAE cells are found in association

with latex beads (while arrow). Scale bar = 10µm. Representative of 5

individual follicles.

currently annotated in any other avian genome. Comparative
gene expression profiling of chicken and mouse identified very
few genes that were specifically enriched in FAE compared to
IFE in common between both species (6). This suggests that,
despite functional and morphological similarities, the underlying
ontogeny and developmental regulation of mammalian M
cells and chicken antigen sampling FAE cells is likely to
differ significantly.

To date, no specific markers for the avian equivalent of
mammalian M cells in the GI tract have been described.
We found that antigen-sampling cells in the bursa and in
GALT are tagged by expression of a CSF1R-transgene reporter.

FIGURE 9 | Salmonella Typhimurium enters the bursal FAE. Whole mount

staining of the bursa of Fabricius. (A) Three hours post-intracloacal challenge

Salmonella (red) are associated with the CSF1R-eGFP-transgene expressing

FAE cells (green), few bacteria are attached to the IFE regions (highlighted by

Jacalin lectin staining, Blue); Scale bar = 1,000µm. An enlarged image of an

individual bursal follicle is shown in (ii); Scale bar = 2,000µm. (B) Confocal

analysis of an individual FAE invaded by Salmonella. The vast majority are

contained within TIM4+ cells (yellow arrow), rarely individual bacteria are

observed in association with CSF1R-eGFP FAE cells (pink arrow) or cellular

debris in the lumen (blue arrows); Scale bar = 10µm. (C) Clusters of bacteria

in the FAE are located within LAMP1+ vacuoles; Scale bar = 5µm.

Representative of 20 follicles.

Retrospective analysis of an earlier independent transcriptomics
data set [(6); GEO accession number GSE 16081] also revealed
that CSF1R expression was enriched in the bursal FAE compared
to the IFE. Data in the current study show that in the avian
FAE CSF1R is expressed by antigen sampling epithelial cells in
addition to macrophages. We confirmed that putative markers of
M cells, annexin A10, CD44, L-plastin, (6) as well as EEA1 and
gamma-actin, also distinguish cells of the bursa FAE from the

Frontiers in Immunology | www.frontiersin.org 12 October 2019 | Volume 10 | Article 2495

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


Balic et al. CSF1R-Expressing Avian M Cells

IFE. While annexin A10 and EEA-1 were expressed in CSF1R-
transgene expressing FAE cells in the bursa, neither marker was
expressed in the CSF1R-transgene expressing antigen sampling
cells previously identified in BALT (Supplementary Figure 2B).
Therefore, the CSF1R-transgene expression is currently the only
practical marker for antigen sampling FAE cells in chicken
MALT structures.

Contrary to some previous reports, we show that the FAE
of the bursa is not a homogeneous structure (6, 52). Staining
the bursal FAE with lectins has been previously reported (11,
36, 37). We found that the cells that stain with the lectins
jacalin, PHA-L and SNA, lacked expression of CSF1R and have
had little antigen uptake capacity. The exact developmental
relationship between these two FAE cell populations requires
further analysis. The distribution of F-actin in bursal FAE cells
is consistent with the role of actin in remodeling of the apical
cell surface during active endocytosis and transcytosis (53–
55). We demonstrated that the CSF1R protein is expressed
by FAE cells, consistent with the transgene expression. The
predominant location, on the basolateral membranes and in
intracellular vesicles, does not suggest a direct role in antigen
uptake. CSF1 action in macrophages is associated with the
uptake and destruction of the receptor (56). The presence of
the receptor within cytoplasmic vesicles could reflect continued
internalization. Using a recently-generatedmonoclonal antibody,
we have confirmed that the ligand, CSF1, is highly-expressed in
the bursa (Wu et al., manuscript in preparation). In mammalian
macrophages, CSF1R signaling results in the active remodeling
of the actin cytoskeleton and rapid morphological changes,
including lamellipodial protrusions and membrane ruffling (57).
The mechanisms by which CSF1 signaling in macrophages
acutely regulates membrane motility and macropinocytosis have
been studied is some detail (58–60) and might provide a
model for understanding the regulation of antigen uptake in
avian FAE. FAE cells that lacked CSF1R-transgene expression
had reduced cellular F-actin and less apparent involvement in
bead transcytosis. Based on the known role in mammalian
macrophages and previous evidence that the chicken CSF1R can
signal in mouse myeloid cells (61) we suggest that CSF1R is likely
to control F-actin dependent remodeling of the cytoskeleton and
regulate transcytosis in bursal FAE cells.

Endocytosis of particles by cells can occur via a number of
different pathways (62, 63) and particle size can determine the
pathway of uptake (64–66). Murine PP and Rabbit appendix
M-cells endocytose a broad range size range of particles (67–
70), in contrast we show that while bursal FAE cells exhibited
efficient uptake of latex beads between 0.02 and 0.1µm, uptake of
bacterial sized ranged 0.5µm beads was poor. We extended these
findings to demonstrate poor uptake of Salmonella by the bursal
FAE. In these studies, there was substantial divergence between
individual birds but entry into the FAE was partially dependent
on T3SS-1, which promotes active invasion of enterocytes and
M cells in mammals (40). A major difference between chicken
bursa FAE and IFE cells was the lack of lysozyme in the
FAE. The IFE produces the antimicrobial peptide cathelicidin-
B1 (71), suggesting bursal IFE represents a significant barrier
to invading microorganisms. It is perhaps unsurprising then

that S. Typhimurium was found within the bursal FAE, but not
the IFE. However, the invasion of bursal FAE by Salmonella
was not uniform. In some cases, multiple bacteria were being
found in individual FAE cells, but despite this, the majority
of bursa follicles remain free of bacterial cells, indicating that
uptake of bacteria is not a default function of bursa FAE cells.
Within the FAE while some individual bacteria were observed
within CSF1R-transgene expressing FAE cells the vast majority
of bacteria were observed within TIM4+ phagocytes and in
LAMP+ vacuoles. In mammalian macrophages, Salmonella
are able to survive within a modified LAMP1+ phagosome
known as the Salmonella-containing vacuole. S. Typhimurium
is also able to manipulate the migratory properties of GALT
phagocytes to disseminate systemically (72). We suggest that,
rather than reflecting a host bacterial killing mechanism, the
location of Salmonella within LAMP+ FAE vacuoles and TIM4+
FAE phagocytes may aid infection and dissemination of this
pathogen in chickens, perhaps explaining the more rapid
systemic dissemination of Salmonella after intracloacal, rather
than oral challenge (73).

The expression of the CSF1R in FAEmay provide some insight
into the differentiation of these cells. Murine PP M cells are
derived from intestinal crypt-based Lgr5+ stem cells (48). The
differentiation and survival of mammalian M cells depends upon
continuous signaling from CSF1R, but receptor expression is
restricted to specialized macrophages of the lamina propria that
interact intimately with the stem cell niche in the crypts (15). The
expression of this receptor clearly distinguishes avian FAE cells
frommammalian M cells. By contrast to the expression of CSF1R
in mammalian trophoblasts, which involves a separate promoter
from macrophages, there is no evidence for an alternative
promoter in birds (74). The activity of the reporter gene also
suggests that macrophages and FAE cells share a transcriptional
regulatory mechanism. Embryonic studies are equivocal on
whether bursal FAE cells have a mesenchymal or haematopoietic
origin (75–77). As CSF1R-mediated signaling is required for
the survival, proliferation and function of myeloid cells [(78),
review] the expression of CSF1R in bursal FAE cells suggests
they are derived from the myeloid cell lineage. In support
of this proposal, transcriptome analysis [(6); GEO accession
number GSE 16081] indicates that transcripts for transcription
factors normally strongly associated with macrophage lineage
differentiation and CSF1R transcription (14), such as CSF1R
itself, PU.1 and CEBPA, are significantly upregulated in bursal
FAE cells compared to IFE cells. However, this may simply reflect
the presence of TIM4+ phagocytes in the FAE, as TIM4 gene
expression is also enriched in bursal FAE compared to IFE cells
(GEO accession number GSE 16081). These data and the present
study do not resolve this relationship and further work will be
required to determine the relationship between avian CSF1R+
macrophages and the FAE lineages.

In summary, we have shown that the CSF1R-transgene
reporter chicken can be used to visualize and characterize
avian antigen sampling cells. The bursal FAE consists of a
heterogeneous population of cells, comprised of epithelial cells
which show variable levels of CSF1R-transgene expression,
F-actin staining and differential expression of carbohydrate
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moieties, and a population of TIM4+ phagocytes which are also
found in the bursal medulla. CSF1R-transgene expressing FAE
cells rapidly take up and transcytose latex beads from the bursal
lumen, indicating that this transgene can be used to identify the
avian functional equivalent of murine M cells. Given the clear
differences between birds and mammals, it is an open question
whether these cells should be called M cells. Future studies will
resolve the developmental relationship between avian CSF1R+

macrophages and CSF1R+ antigen sampling FAE cell lineages
and determine which growth factors are required to regulate the
development and function of these cells.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/Supplementary Material.

ETHICS STATEMENT

CSF1R-eGFP/mApple reporter transgenic chickens and wild
type control chickens were supplied at 4–6 weeks of age
by the National Avian Research Facility, the Roslin Institute,
Edinburgh (UK). The chickens were housed in groups of
22–60 birds and received food and water ad libitum. The
chickens were maintained under conventional conditions and
received standard vaccination scheme against Marek’s disease
virus, Eimeria spp., infectious bronchitis virus, infectious bursal
disease virus and Newcastle disease virus. Animals were housed
in premises licensed under a UK Home Office Establishment
License in full compliance with the requirements of the Animals
(Scientific Procedures) Act 1986. Breeding of transgenic chickens
was carried out under the authority of Project License PPL
70/8940 with the consent of the Roslin Institute Animal Welfare
and Ethical Review Board. Administration of Salmonella was
undertaken under the authority of Home Office project license
PCD70CB48, with the consent of the Ethical Review Committee
of the Moredun Research Institute. Chickens inoculated with

Salmonella were not vaccinated and were housed separately from
other birds.

AUTHOR CONTRIBUTIONS

AB conceived and carried out the experiments. AB wrote the
manuscript with support from DH, NM, HS, LV, and MS. CC-U,
PV, RC-C, andMS developed the fluorescently tagged Salmonella
and helped with infection challenge experiments. TH developed
the TIM4 monoclonal antibody and helped with discussions on
this part of the project. KS provided the data on the lung and
helped with discussions on this part of the project. DD aided
in interpreting the results. All authors provided critical feedback
and helped shape the research, analysis and manuscript. LV
supervised the project.

FUNDING

This work was supported by the Biotechnology and Biological
Sciences Research Council of the United Kingdom through
the Project Grant BB/M003094/1 and grants from the
Institute Strategic Programme BBS/E/D/10002071 and
BBS/E/D/20002174 to the Roslin Institute.

ACKNOWLEDGMENTS

We acknowledge Mr. Bob Fleming, Dr. Declan King, and Mr.
Graeme Robertson at the Roslin Institute for introduction to
image analysis, Dr. ZhiguangWu for Figure preparation, andMs.
Frances Thompson at the National Avian Research Facility for
help with chicken experiments.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.02495/full#supplementary-material

REFERENCES

1. Casteleyn C, DoomM, Lambrechts E, Van den BroeckW, Simoens P, Cornillie

P. Locations of gut-associated lymphoid tissue in the 3-month-old chicken: a

review. Avian Pathol. (2010) 39:143–50. doi: 10.1080/03079451003786105

2. Mabbott NA, Donaldson DS, Ohno H, Williams IR, Mahajan A. Microfold

(M) cells: important immunosurveillance posts in the intestinal epithelium.

Mucosal Immunol. (2013) 6:666–77. doi: 10.1038/mi.2013.30

3. Bockman DE, Cooper MD. Pinocytosis by epithelium associated with

lymphoid follicles in the bursa of Fabricius, appendix, and Peyer’s

patches. An electron microscopic study. Am J Anat. (1973) 136:455–77.

doi: 10.1002/aja.1001360406

4. Lupetti M, Dolfi A. A contribution to the study of the lymphoid-follicle

associated epithelial cells. Z Mikrosk Anat Forsch. (1982) 96:214–20.

5. Houssaint E, Hallet MM. The follicle-associated epithelium in the bursa

of Fabricius cell origin studied by means of quail-chick chimeras and

monoclonal antibodies. J Leukoc Biol. (1986) 40:469–77. doi: 10.1002/jlb.40.

4.469

6. Nakato G, Fukuda S, Hase K, Goitsuka R, Cooper MD, Ohno

H. New approach for m-cell-specific molecules screening by

comprehensive transcriptome analysis. DNA Res. (2009) 16:227–35.

doi: 10.1093/dnares/dsp013

7. Kozuka Y, Nasu T, Murakami T, Yasuda M. Comparative studies on the

secondary lymphoid tissue areas in the chicken bursa of Fabricius and

calf ileal Peyer’s patch. Vet Immunol Immunopathol. (2010) 133:190–7.

doi: 10.1016/j.vetimm.2009.08.003

8. Schaffner T, Mueller J, Hess MW, Cottier H, Sordat B, Ropke C. The

bursa of Fabricius: a central organ providing for contact between the

lymphoid system and intestinal content. Cell Immunol. (1974) 13:304–12.

doi: 10.1016/0008-8749(74)90247-0

9. Sorvari T, Sorvari R, Ruotsalainen P, Toivanen A, Toivanen P. Uptake of

environmental antigens by the bursa of Fabricius. Nature. (1975) 253:217–9.

doi: 10.1038/253217a0

10. Jeurissen SH, Wagenaar F, Janse EM. Further characterization of M cells in

gut-associated lymphoid tissues of the chicken. Poult Sci. (1999) 78:965–72.

doi: 10.1093/ps/78.7.965

11. Pohlmeyer I, Jörns J, Schumacher U, Van Damme EJ, Peumans WJ, Pfüller U,

et al. Lectin histochemical investigations of the distal gut of chicks with special

emphasis on the follicle-associated epithelium. J VetMed A Physiol Pathol Clin

Med. (2005) 52:138–46. doi: 10.1111/j.1439-0442.2005.00696.x

Frontiers in Immunology | www.frontiersin.org 14 October 2019 | Volume 10 | Article 2495

https://www.frontiersin.org/articles/10.3389/fimmu.2019.02495/full#supplementary-material
https://doi.org/10.1080/03079451003786105
https://doi.org/10.1038/mi.2013.30
https://doi.org/10.1002/aja.1001360406
https://doi.org/10.1002/jlb.40.4.469
https://doi.org/10.1093/dnares/dsp013
https://doi.org/10.1016/j.vetimm.2009.08.003
https://doi.org/10.1016/0008-8749(74)90247-0
https://doi.org/10.1038/253217a0
https://doi.org/10.1093/ps/78.7.965
https://doi.org/10.1111/j.1439-0442.2005.00696.x
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Balic et al. CSF1R-Expressing Avian M Cells

12. Passey RJ, Williams E, Lichanska AM, Wells C, Hu S, Geczy CL, et al. A null

mutation in the inflammation-associated S100 protein S100A8 causes early

resorption of the mouse embryo. J Immunol. (1999) 163:2209–16.

13. Sasmono RT, Oceandy D, Pollard JW, Tong W, Pavli P, Wainwright BJ, et al.

A macrophage colony-stimulating factor receptor-green fluorescent protein

transgene is expressed throughout the mononuclear phagocyte system of the

mouse. Blood. (2003) 101:1155–63. doi: 10.1182/blood-2002-02-0569

14. Rojo R, Pridans C, Langlais D, Hume DA. Transcriptional mechanisms that

control expression of the macrophage colony-stimulating factor receptor

locus. Clin Sci. (2017) 131:2161–82. doi: 10.1042/CS20170238

15. Sehgal A, Donaldson DS, Pridans C, Sauter KA, Hume DA, Mabbott NA. The

role of CSF1R-dependent macrophages in control of the intestinal stem-cell

niche. Nat Commun. (2018) 9:1272. doi: 10.1038/s41467-018-03638-6

16. Balic A, Garcia-Morales C, Vervelde L, Gilhooley H, Sherman A, Garceau V,

et al. Visualisation of chicken macrophages using transgenic reporter genes:

insights into the development of the avian macrophage lineage. Development.

(2014) 141:3255–65. doi: 10.1242/dev.105593

17. Sasmono RT, Ehrnsperger A, Cronau SL, Ravasi T, Kandane R, Hickey

MJ, et al. Mouse neutrophilic granulocytes express mRNA encoding

the macrophage colony-stimulating factor receptor (CSF-1R) as well as

many other macrophage-specific transcripts and can transdifferentiate into

macrophages in vitro in response to CSF-1. J Leukoc Biol. (2007) 82:111–23.

doi: 10.1189/jlb.1206713

18. Hawley CA, Rojo R, Raper A, Sauter KA, Lisowski ZM, Grabert K, et al. Csf1r-

mApple transgene expression and ligand binding in vivo reveal dynamics

of CSF1R expression within the mononuclear phagocyte system. J Immunol.

(2018) 200:2209–23. doi: 10.4049/jimmunol.1701488

19. Sutton K, Costa T, Alber A, Bryson K, Borowska D, Balic A, et al.

Visualisation and characterisation of mononuclear phagocytes in the chicken

respiratory tract using CSF1R-transgenic chickens. Vet Res. (2018) 49:104.

doi: 10.1186/s13567-018-0598-7

20. Inman CF, Rees LE, Barker E, Haverson K, Stokes CR, Bailey M.

Validation of computer-assisted, pixel-based analysis of multiple-colour

immunofluorescence histology. J Immunol Methods. (2005) 302:156–67.

doi: 10.1016/j.jim.2005.05.005

21. Lippincott-Schwartz J, Fambrough DM. Lysosomal membrane dynamics:

structure and interorganellar movement of a major lysosomal membrane

glycoprotein. J Cell Biol. (1986) 102:1593–605. doi: 10.1083/jcb.102.5.1593

22. Garcia-Morales C, Rothwell L, Moffat L, Garceau V, Balic A, Sang HM,

et al. Production and characterisation of a monoclonal antibody that

recognises the chicken CSF1 receptor and confirms that expression is

restricted tomacrophage-lineage cells. Dev Comp Immunol. (2014) 42:278–85.

doi: 10.1016/j.dci.2013.09.011

23. Dugina V, Zwaenepoel I, Gabbiani G, Clément S, Chaponnier C. Beta

and gamma-cytoplasmic actins display distinct distribution and functional

diversity. J Cell Sci. (2009) 122 (Pt 16):2980–8. doi: 10.1242/jcs.041970

24. Hu T, Wu Z, Vervelde L, Rothwell L, Hume DA, Kaiser P. Functional

annotation of the T-cell immunoglobulin mucin family in birds. Immunology.

(2016) 148:287–303. doi: 10.1111/imm.12607

25. Datsenko KA, Wanner BL. One-step inactivation of chromosomal genes in

Escherichia coli K-12 using PCR products. Proc Natl Acad Sci USA. (2000)

97:6640–5. doi: 10.1073/pnas.120163297

26. Chaudhuri RR, Morgan E, Peters SE, Pleasance SJ, Hudson DL, Davies HM,

et al. Comprehensive assignment of roles for Salmonella typhimurium genes

in intestinal colonization of food-producing animals. PLoS Genet. (2013)

9:e1003456. doi: 10.1371/journal.pgen.1003456

27. Figueira R, Watson KG, Holden DW, Helaine S. Identification of Salmonella

pathogenicity island-2 type III secretion system effectors involved

in intramacrophage replication of S. enterica serovar typhimurium:

implications for rational vaccine design. MBio. (2013) 4:e00065.

doi: 10.1128/mBio.00065-13

28. Olah I, Glick B. Follicle-associated epithelium and medullary epithelial tissue

of the bursa of fabricius are two different compartments. Anat Rec. (1992)

233:577–87. doi: 10.1002/ar.1092330412

29. Nagy N, Bodi I, Olah I. Avian dendritic cells: phenotype and

ontogeny in lymphoid organs. Dev Comp Immunol. (2016) 58:47–59.

doi: 10.1016/j.dci.2015.12.020

30. Hu T, Wu Z, Bush SJ, Freem L, Vervelde L, Summers KM, et al.

Characterization of subpopulations of chicken mononuclear phagocytes

that express TIM4 and CSF1R. J Immunol. (2019) 202:1186–99.

doi: 10.4049/jimmunol.1800504

31. Bódi I, Minkó K, Fölker O, Benyeda Z, Felföldi B, Magyar A, et al. Expression

of caveolin-1 in the interfollicular but not the follicle-associated epithelial

cells in the bursa of fabricius of chickens. J Morphol. (2018) 279:17–26.

doi: 10.1002/jmor.20749

32. Romano N, Baldassini MR, Abelli L, Aita M, Mastrolia L. Ultrastructural

study on the plical epithelium of the bursa of Fabricius in chick embryos:

influence of partial decerebration and hypophyseal allografts. J Anat. (1996)

188(Pt 1):29–41.

33. Glick B, Oláh I. The morphology of the starling (Sturnus vulgaris) bursa of

Fabricius: a scanning and light microscope study. Anat Rec. (1982) 204:341–8.

doi: 10.1002/ar.1092040407

34. Lupetti M, Dolfi A, Giannessi F, Michelucci S. Ultrastructural aspects of the

lymphoid follicle-associated cells of the cloacal bursa after treatment with

silica or carrageenan. J Anat. (1983) 136(Pt 4):851–62.

35. Naukkarinen A, Arstila AU, Sorvari TE. Morphological and functional

differentiation of the surface epithelium of the bursa Fabricii in chicken. Anat

Rec. (1978) 191:415–32. doi: 10.1002/ar.1091910403

36. Jörns J, Mangold U, NeumannU, VanDamme EJ, PeumansWJ, Pfüller U, et al.

Lectin histochemistry of the lymphoid organs of the chicken. Anat Embryol.

(2003) 207:85–94. doi: 10.1007/s00429-003-0331-8

37. Kaltner H, García Caballero G, Sinowatz F, Schmidt S, Manning JC, André S,

et al. Galectin-related protein: an integral member of the network of chicken

galectins: 2. From expression profiling to its immunocyto- and histochemical

localization and application as tool for ligand detection. Biochim Biophys Acta.

(2016) 1860:2298–312. doi: 10.1016/j.bbagen.2016.06.002

38. Clark MA, Hirst BH. Expression of junction-associated proteins

differentiates mouse intestinal M cells from enterocytes. Histochem Cell

Biol. (2002) 118:137–47. doi: 10.1007/s00418-002-0433-z

39. Kohbata S, Yokoyama H, Yabuuchi E. Cytopathogenic effect of Salmonella

typhi GIFU 10007 on M cells of murine ileal Peyer’s patches in ligated

ileal loops: an ultrastructural study. Microbiol Immunol. (1986) 30:1225–37.

doi: 10.1111/j.1348-0421.1986.tb03055.x

40. Clark MA, Hirst BH, Jepson MA. Inoculum composition and Salmonella

pathogenicity island 1 regulate M-cell invasion and epithelial destruction by

Salmonella typhimurium. Infect Immun. (1998) 66:724–31.

41. Jones BD, Ghori N, Falkow S. Salmonella typhimurium initiates murine

infection by penetrating and destroying the specialized epithelial M cells

of the Peyer’s patches. J Exp Med. (1994) 180:15–23. doi: 10.1084/jem.18

0.1.15

42. Penheiter KL, Mathur N, Giles D, Fahlen T, Jones BD. Non-invasive

Salmonella typhimuriummutants are avirulent because of an inability to enter

and destroy M cells of ileal Peyer’s patches. Mol Microbiol. (1997) 24:697–709.

doi: 10.1046/j.1365-2958.1997.3741745.x

43. Morgan E, Bowen AJ, Carnell SC, Wallis TS, Stevens MP. SiiE is secreted by

the Salmonella enterica serovar Typhimurium pathogenicity island 4-encoded

secretion system and contributes to intestinal colonization in cattle. Infect

Immun. (2007) 75:1524–33. doi: 10.1128/IAI.01438-06

44. Hudson DL, Layton AN, Field TR, Bowen AJ, Wolf-Watz H, ElofssonM, et al.

Inhibition of type III secretion in Salmonella enterica serovar Typhimurium

by small-molecule inhibitors. Antimicrob Agents Chemother. (2007) 51:2631–

5. doi: 10.1128/AAC.01492-06

45. Wu Y, Wang X, Csencsits KL, Haddad A, Walters N, Pascual DW. M cell-

targeted DNA vaccination. Proc Natl Acad Sci USA. (2001) 98:9318–23.

doi: 10.1073/pnas.161204098

46. Kim SH, Jang YS. Antigen targeting to M cells for enhancing the efficacy of

mucosal vaccines. Exp Mol Med. (2014) 46:e85. doi: 10.1038/emm.2013.165

47. Wang M, Gao Z, Zhang Z, Pan L, Zhang Y. Roles of M cells in

infection andmucosal vaccines. HumVaccin Immunother. (2014) 10:3544–51.

doi: 10.4161/hv.36174

48. de Lau W, Kujala P, Schneeberger K, Middendorp S, Li VS, Barker N, et al.

Peyer’s patch M cells derived from Lgr5(+) stem cells require SpiB and are

induced by RankL in cultured “miniguts”. Mol Cell Biol. (2012) 32:3639–47.

doi: 10.1128/MCB.00434-12

Frontiers in Immunology | www.frontiersin.org 15 October 2019 | Volume 10 | Article 2495

https://doi.org/10.1182/blood-2002-02-0569
https://doi.org/10.1042/CS20170238
https://doi.org/10.1038/s41467-018-03638-6
https://doi.org/10.1242/dev.105593
https://doi.org/10.1189/jlb.1206713
https://doi.org/10.4049/jimmunol.1701488
https://doi.org/10.1186/s13567-018-0598-7
https://doi.org/10.1016/j.jim.2005.05.005
https://doi.org/10.1083/jcb.102.5.1593
https://doi.org/10.1016/j.dci.2013.09.011
https://doi.org/10.1242/jcs.041970
https://doi.org/10.1111/imm.12607
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1371/journal.pgen.1003456
https://doi.org/10.1128/mBio.00065-13
https://doi.org/10.1002/ar.1092330412
https://doi.org/10.1016/j.dci.2015.12.020
https://doi.org/10.4049/jimmunol.1800504
https://doi.org/10.1002/jmor.20749
https://doi.org/10.1002/ar.1092040407
https://doi.org/10.1002/ar.1091910403
https://doi.org/10.1007/s00429-003-0331-8
https://doi.org/10.1016/j.bbagen.2016.06.002
https://doi.org/10.1007/s00418-002-0433-z
https://doi.org/10.1111/j.1348-0421.1986.tb03055.x
https://doi.org/10.1084/jem.180.1.15
https://doi.org/10.1046/j.1365-2958.1997.3741745.x
https://doi.org/10.1128/IAI.01438-06
https://doi.org/10.1128/AAC.01492-06
https://doi.org/10.1073/pnas.161204098
https://doi.org/10.1038/emm.2013.165
https://doi.org/10.4161/hv.36174
https://doi.org/10.1128/MCB.00434-12
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Balic et al. CSF1R-Expressing Avian M Cells

49. Knoop KA, Kumar N, Butler BR, Sakthivel SK, Taylor RT, Nochi T, et al.

RANKL is necessary and sufficient to initiate development of antigen-

sampling M cells in the intestinal epithelium. J Immunol. (2009) 183:5738–47.

doi: 10.4049/jimmunol.0901563

50. Kanaya T, Hase K, Takahashi D, Fukuda S, Hoshino K, Sasaki I, et al. The

Ets transcription factor Spi-B is essential for the differentiation of intestinal

microfold cells. Nat Immunol. (2012) 13:729–36. doi: 10.1038/ni.2352

51. Costa RM, Soto X, Chen Y, Zorn AM, Amaya E. spib is required for

primitive myeloid development in Xenopus. Blood. (2008) 112:2287–96.

doi: 10.1182/blood-2008-04-150268

52. Nagy N, Magyar A, Dávid C, Gumati MK, Oláh I. Development of the

follicle-associated epithelium and the secretory dendritic cell in the bursa

of fabricius of the guinea fowl (Numida meleagris) studied by novel

monoclonal antibodies. Anat Rec. (2001) 262:279–92. doi: 10.1002/1097-

0185(20010301)262:3<279::AID-AR1038>3.0.CO;2-I

53. Maples CJ, Ruiz WG, Apodaca G. Both microtubules and actin filaments are

required for efficient postendocytotic traffic of the polymeric immunoglobulin

receptor in polarized Madin-Darby canine kidney cells. J Biol Chem. (1997)

272:6741–51. doi: 10.1074/jbc.272.10.6741

54. Smythe E, Ayscough KR. Actin regulation in endocytosis. J Cell Sci. (2006)

119(Pt 22):4589–98. doi: 10.1242/jcs.03247

55. Zhou K, Sumigray KD, Lechler T. The Arp2/3 complex has essential roles in

vesicle trafficking and transcytosis in the mammalian small intestine. Mol Biol

Cell. (2015) 26:1995–2004. doi: 10.1091/mbc.E14-10-1481

56. Stanley ER, Chitu V. CSF-1 receptor signaling in myeloid cells. Cold Spring

Harb Perspect Biol. (2014) 6:a021857. doi: 10.1101/cshperspect.a021857

57. Boocock CA, Jones GE, Stanley ER, Pollard JW. Colony-stimulating factor-

1 induces rapid behavioural responses in the mouse macrophage cell line,

BAC1.2F5. J Cell Sci. (1989) 93(Pt 3):447–56.

58. Yoshida S, Hoppe AD, Araki N, Swanson JA. Sequential signaling in plasma-

membrane domains during macropinosome formation in macrophages. J Cell

Sci. (2009) 122(Pt 18):3250–61. doi: 10.1242/jcs.053207

59. Owen KA, Pixley FJ, Thomas KS, Vicente-Manzanares M, Ray BJ, Horwitz AF,

et al. Regulation of lamellipodial persistence, adhesion turnover, and motility

in macrophages by focal adhesion kinase. J Cell Biol. (2007) 179:1275–87.

doi: 10.1083/jcb.200708093

60. Pixley FJ, Lee PS, Condeelis JS, Stanley ER. Protein tyrosine phosphatase phi

regulates paxillin tyrosine phosphorylation and mediates colony-stimulating

factor 1-inducedmorphological changes inmacrophages. Mol Cell Biol. (2001)

21:1795–809. doi: 10.1128/MCB.21.5.1795-1809.2001

61. Garceau V, Smith J, Paton IR, Davey M, Fares MA, Sester DP, et al. Pivotal

advance: avian colony-stimulating factor 1 (CSF-1), interleukin-34 (IL-34),

and CSF-1 receptor genes and gene products. J Leukoc Biol. (2010) 87:753–64.

doi: 10.1189/jlb.0909624

62. Scita G, Di Fiore PP. The endocytic matrix. Nature. (2010) 463:464–73.

doi: 10.1038/nature08910

63. Sigismund S, Confalonieri S, Ciliberto A, Polo S, Scita G, Di Fiore PP.

Endocytosis and signaling: cell logistics shape the eukaryotic cell plan. Physiol

Rev. (2012) 92:273–366. doi: 10.1152/physrev.00005.2011

64. Rejman J, Oberle V, Zuhorn IS, Hoekstra D. Size-dependent internalization

of particles via the pathways of clathrin- and caveolae-mediated endocytosis.

Biochem J. (2004) 377(Pt 1):159–69. doi: 10.1042/bj20031253

65. Kuhn DA, Vanhecke D, Michen B, Blank F, Gehr P, Petri-Fink A,

et al. Different endocytotic uptake mechanisms for nanoparticles in

epithelial cells and macrophages. Beilstein J Nanotechnol. (2014) 5:1625–36.

doi: 10.3762/bjnano.5.174

66. Shang L, Nienhaus K, Nienhaus GU. Engineered nanoparticles

interacting with cells: size matters. J Nanobiotechnology. (2014) 12:5.

doi: 10.1186/1477-3155-12-5

67. Pappo J, Ermak TH. Uptake and translocation of fluorescent latex particles by

rabbit Peyer’s patch follicle epithelium: a quantitative model for M cell uptake.

Clin Exp Immunol. (1989) 76:144–8.

68. Jepson MA, Simmons NL, Savidge TC, James PS, Hirst BH. Selective binding

and transcytosis of latex microspheres by rabbit intestinal M cells. Cell Tissue

Res. (1993) 271:399–405. doi: 10.1007/BF02913722

69. Smith MW, Thomas NW, Jenkins PG, Miller NG, Cremaschi D, Porta

C. Selective transport of microparticles across Peyer’s patch follicle-

associated M cells from mice and rats. Exp Physiol. (1995) 80:735–43.

doi: 10.1113/expphysiol.1995.sp003882

70. Foster N, Clark MA, Jepson MA, Hirst BH. Ulex europaeus 1 lectin targets

microspheres to mouse Peyer’s patch M-cells in vivo. Vaccine. (1998) 16:536–

41. doi: 10.1016/S0264-410X(97)00222-3

71. Goitsuka R, Chen CL, Benyon L, Asano Y, Kitamura D, Cooper MD. Chicken

cathelicidin-B1, an antimicrobial guardian at the mucosal M cell gateway.

Proc Natl Acad Sci USA. (2007) 104:15063–8. doi: 10.1073/pnas.07070

37104

72. Worley MJ, Nieman GS, Geddes K, Heffron F. Salmonella typhimurium

disseminates within its host by manipulating the motility of infected

cells. Proc Natl Acad Sci USA. (2006) 103:17915–20. doi: 10.1073/pnas.

0604054103

73. Bailey JS, Cox NA, Cosby DE, Richardson LJ. Movement and persistence

of Salmonella in broiler chickens following oral or intracloacal

inoculation. J Food Prot. (2005) 68:2698–701. doi: 10.4315/0362-028X-68.

12.2698

74. Lizio M, Deviatiiarov R, Nagai H, Galan L, Arner E, Itoh M, et al. Systematic

analysis of transcription start sites in avian development. PLoS Biol. (2017)

15:e2002887. doi: 10.1371/journal.pbio.2002887

75. Lupetti M, Dolfi A, Giannessi F, Bianchi F, Michelucci S. Reappraisal of

histogenesis in the bursal lymphoid follicle of the chicken. Am J Anat. (1990)

187:287–302. doi: 10.1002/aja.1001870308

76. Dolfi A, Lupetti M, Giannessi F. Toxic effect of carrageenan on lymphoid-

follicle associated epithelial cells of the bursa of Fabricius of chickens. Cell

Tissue Res. (1981) 221:67–75. doi: 10.1007/BF00216570

77. Nagy N, Olah I. Experimental evidence for the ectodermal origin of the

epithelial anlage of the chicken bursa of Fabricius. Development. (2010)

137:3019–23. doi: 10.1242/dev.055194

78. Chitu V, Stanley ER. Regulation of embryonic and postnatal development

by the CSF-1 receptor. Curr Top Dev Biol. (2017) 123:229–75.

doi: 10.1016/bs.ctdb.2016.10.004

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2019 Balic, Chintoan-Uta, Vohra, Sutton, Cassady-Cain, Hu,

Donaldson, Stevens, Mabbott, Hume, Sang and Vervelde. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 16 October 2019 | Volume 10 | Article 2495

https://doi.org/10.4049/jimmunol.0901563
https://doi.org/10.1038/ni.2352
https://doi.org/10.1182/blood-2008-04-150268
https://doi.org/10.1002/1097-0185(20010301)262:3<279::AID-AR1038>3.0.CO;2-I
https://doi.org/10.1074/jbc.272.10.6741
https://doi.org/10.1242/jcs.03247
https://doi.org/10.1091/mbc.E14-10-1481
https://doi.org/10.1101/cshperspect.a021857
https://doi.org/10.1242/jcs.053207
https://doi.org/10.1083/jcb.200708093
https://doi.org/10.1128/MCB.21.5.1795-1809.2001
https://doi.org/10.1189/jlb.0909624
https://doi.org/10.1038/nature08910
https://doi.org/10.1152/physrev.00005.2011
https://doi.org/10.1042/bj20031253
https://doi.org/10.3762/bjnano.5.174
https://doi.org/10.1186/1477-3155-12-5
https://doi.org/10.1007/BF02913722
https://doi.org/10.1113/expphysiol.1995.sp003882
https://doi.org/10.1016/S0264-410X(97)00222-3
https://doi.org/10.1073/pnas.0707037104
https://doi.org/10.1073/pnas.0604054103
https://doi.org/10.4315/0362-028X-68.12.2698
https://doi.org/10.1371/journal.pbio.2002887
https://doi.org/10.1002/aja.1001870308
https://doi.org/10.1007/BF00216570
https://doi.org/10.1242/dev.055194
https://doi.org/10.1016/bs.ctdb.2016.10.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	Antigen Sampling CSF1R-Expressing Epithelial Cells Are the Functional Equivalents of Mammalian M Cells in the Avian Follicle-Associated Epithelium
	Introduction
	Methods
	Chickens and Ethics Statement
	In vivo Treatments
	Image Analysis
	Immunohistochemistry
	Microscopy
	Bacterial Strains and Culture Conditions
	Infection of CSF1R-eGFP Chickens With mCherry-expressing Salmonella Strains
	Statistical Analysis

	Results
	CSF1R-Transgene Expression Allows Differential Visualization of Mononuclear Phagocytes and Epithelial Cells That Comprise the FAE of the Bursa of Fabricius
	CSF1R-transgene Expressing Bursal FAE Cells Stain With Putative M Cell Markers
	F-actin and Jacalin Lectin Are Reliable Markers for Antigen Sampling Cells That Express CSF1R-transgene in the FAE
	CSF1R-transgene Expression Identifies Antigen Sampling FAE Cells in the Chicken Bursa of Fabricius
	Salmonella Specifically Enters the Bursal FAE

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


