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A B S T R A C T   

Gut-associated lymphoid tissues (GALT) serve as key priming sites for intestinal adaptive immune responses. 
Most of our understanding of GALT function and development arises from studies in mice. However, the di-
versity, structure and cellular composition of GALT differs markedly between mammalian species and the 
developmental window in which distinct GALT structures develop in large mammals remains poorly understood. 
Given the importance of pigs as models of human disease, as well as their role in livestock production, we 
adapted a recently developed protocol for the isolation of human GALT to assess the diversity, development and 
immune composition of large intestinal GALT in neonatal and adult pigs. We demonstrate that the large intestine 
of adult pigs contains two major GALT types; multifollicular submucosal GALT that we term submucosal 
lymphoid clusters (SLC) which develop prenatally, and as yet undescribed mucosal isolated lymphoid follicles 
(M-ILF), which arise after birth. Using confocal laser microscopy and flow cytometry, we additionally assess the 
microanatomy and lymphocyte composition of SLC and M-ILF, compare them to jejunal Peyer’s patches (PP), and 
describe the maturation of these structures. 

Collectively, our results provide a deeper understanding of the diversity and development of GALT within the 
porcine large intestine.   

1. Introduction 

Gut-associated lymphoid tissues (GALT) are organized secondary 
lymphoid tissues within the intestinal lining, which function as local 
immune-priming sites for the generation of intestinal effector lympho-
cytes, such as cytokine-producing T cells and IgA-secreting plasma cells 
(Fenton et al., 2020; Senda et al., 2019). The best-described GALT are 
the multifollicular Peyer’s Patches (PP) of the small intestine, which in 
mice and humans develop before birth and accommodate large germinal 
centers, thereby contributing to intestinal IgA antibody responses 
(Fenton et al., 2020; Hashizume et al., 2008; Martinoli et al., 2007; 
Nagai et al., 2007). Additional isolated lymphoid follicles (ILF), each 
consisting of a single immune cell-rich follicle, can be found in the small 
and large intestines of mammals including humans (Fenton et al., 2020) 
and mice (Kanamori et al., 1996). The cellular composition and time 
frame of ILF development differs substantially between species 

(reviewed in (Mörbe et al., 2021)). For example, murine ILF are only 
present within the mucosa, develop around weaning (Kanamori et al., 
1996; Hamada et al., 2002), consist of a central B cell cluster surrounded 
by a ring of group 3 innate lymphoid cells (ILC3), and mainly contribute 
to T cell-independent B cell responses (Tsuji et al., 2008; Pabst et al., 
2006). In contrast, at least some human ILF develop before birth (Gus-
tafson et al., 2014; Russell et al., 1990), they contain high numbers of T 
cells (Fenton et al., 2020; Senda et al., 2019), and can support germinal 
center reactions (Fenton et al., 2020; Magri et al., 2017). Furthermore, 
ILF in humans are located either within the mucosa (M-ILF) or pene-
trating the submucosa (SM-ILF). The numbers of these distinct structures 
also differ along the length of the intestine, with M-ILF dominating in the 
distal small intestine and SM-ILF dominating in the proximal colon 
(Fenton et al., 2020; Jørgensen et al., 2021; Moghaddami et al., 1998). 
However, whether M-ILF and SM-ILF arise within a similar or a distinct 
developmental time window remains unclear. 
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In addition to mice, pigs have been used as large, long-lived and 
omnivorous mammalian models to study GALT (Pabst, 2020; Meurens 
et al., 2012). Porcine GALT include discrete jejunal PP with clear T cell 
zones and are thought to be a key contributor to T cell-dependent IgA 
responses in the intestine (Levast et al., 2010). Additionally, pigs possess 
a continuous ileal PP that might also serve as primary lymphoid organ 
(Andersen et al., 1999; Furukawa et al., 2020) and which has no direct 
counterpart in mice and humans, as well as “lymphoglandular com-
plexes” (Morfitt and Pohlenz, 1989; Mansfield and Gauthier, 2004) in 
the large intestine, which are poorly studied lymphocyte-rich tissues 
along the porcine colon (Morfitt and Pohlenz, 1989; Mansfield and 
Gauthier, 2004). However, many questions around the exact anatomy, 
functions and development of these structures remain. Here we applied 
techniques that we recently developed to identify and study human 
GALT (Jørgensen et al., 2021), to assess GALT diversity, structure and 
composition within the porcine large intestine. Our results demonstrate 
that the porcine large intestine contains two major GALT structures; 
large multifollicular submucosal structures which we term multi-
follicular submucosal lymphoid clusters (SLC) and are anatomically 
similar to jejunal PP, and previously undescribed monofollicular struc-
tures reminiscent of human M-ILF. Interestingly, SLC were present in the 
large intestines of neonatal piglets, but M-ILF were absent, indicating 
that these distinct GALT have different developmental programs. 
Together, our results extend our understanding on the diversity, devel-
opment and maturation of the porcine intestinal immune system and 
outlines similarities and differences to human GALT. 

2. Materials and methods 

2.1. Biological specimens 

The pigs used in this study were derived from Danish breeding fa-
cilities following a specific pathogen free (SPF) sanitary strategy ac-
cording to the guidelines of the Ministry of Environment and Food in 
Denmark. Intestinal tissues of adult Danish Landrace pigs (approxi-
mately 5-month-old) were obtained from a local abattoir after pigs were 
slaughtered for meat processing. Following slaughtering, full intestines 
and surrounding mesenterium were obtained from the slaughterhouse 
and processed within 2 h (h). Neonatal piglets (≤ 1 day after birth) were 
killed on the farm of origin by the breeder and full intestines with sur-
rounding mesenterium were obtained. In this study, we focused on 
GALT in the distal porcine colon/rectum (25–50 cm distal from the 
rectal sphincter) and surrounding lamina propria (LP), since this area 
contains the highest GALT numbers in the large intestine (Morfitt and 
Pohlenz, 1989; Biswal et al., 1954). Parts of jejunum containing 
macroscopically visible discrete PP were taken from positions at least 
100 cm away from the ileocaecocolic junction (to avoid the continuous 
ileal PP). Both male and female pigs were used for this study. 

2.2. General tissue preparation 

Intestinal lymphoid tissues were prepared using a modification of a 
protocol for the isolation of GALT from human intestinal tissues 
(Jørgensen et al., 2021) (Table S1). In short, approximately 20 cm2 of 
small and large intestinal tissues were resected, the intestinal tube 
opened longitudinally, and gut content removed by washing tissues in 
cold R5 medium (Roswell Park Memorial Institute (RPMI) 1640 medium 
with 5% fetal calf serum (FBS), 100 units/mL penicillin and 100 μg/mL 
streptomycin (all from Thermo Fisher, Waltham, USA). Subsequently, 
the muscularis externa was removed using forceps and scissors, and the 
remaining tissue containing mucosa and submucosa (SM) washed twice 
in R5 buffer containing 4 mM Dithiothreitol (DTT; Thermo Fisher, 
Waltham, USA) for mucus removal. At this step, some tissue was taken 
for downstream histological processing and fixed for 6–12 h in 
phosphate-buffered saline (PBS; Thermo Fisher, USA) containing 4% 
paraformaldehyde (PFA; Sigma-Aldrich, St. Louis, USA) before 

transferring the fixed tissues into histology washing buffer (PBS with 5% 
FBS, 0.2% Triton-X100 (Sigma-Aldrich, St. Louis, USA), 0.01% thimer-
osal (Sigma-Aldrich, St. Louis, USA)) and stored until further use at 4 ◦C. 
Of the remaining tissue, the LP was carefully separated from the SM 
under a stereo microscope using two forceps. However, the colonic SM 
was peeled off in two steps due to its thickness; the outer fatty SM was 
first roughly peeled off, revealing underlying SLC, before the thin inner 
SM with the muscularis mucosa was separated from the LP. LP and SM 
layers were then screened for GALT as described previously (Jørgensen 
et al., 2021), and GALT counted and collected for enzymatic digestion. 
Meanwhile, isolated LP of adult pigs and neonate piglets was washed 
once in Hanks’ Balanced Salt Solution (HBSS; Thermo Fisher, Waltham, 
USA) and 3–4 more times in HBSS containing 5 mM Ethyl-
enediaminetetraacetic acid (EDTA; Thermo Fisher, Waltham, USA) for 
10 min (min) at 37 ◦C and 370 rpm on an orbital shaker to remove the 
intestinal epithelial layer. To obtain single-cell suspensions for flow 
cytometry analysis, LP was cut into 2–3 mm2 sections prior to digestion 
and tissues incubated in 5 mL digestion buffer (R5 with 40 μl/mL 
collagenase D (Sigma-Aldrich, St. Louis, USA) and 30 mg/mL DNase I 
(Roche, Basel, Switzerland)) for 45 min at 37 ◦C and 370 rpm on an 
orbital shaker. After enzymatic digestion, single-cell suspensions were 
washed once in R5 medium and frozen at − 80 ◦C in freezing medium 
(50% FBS, 40% R5, 10% dimethyl sulfoxide (DMSO; MP Biomedicals, 
Santa Ana, USA) until further use. 

2.3. Histological analysis 

Fixed intestinal tissues were prepared for hematoxylin and eosin 
(H&E) staining and for confocal laser microscopy as described previ-
ously (Fenton et al., 2020; Jørgensen et al., 2021). In short, for H&E 
staining, tissues were embedded in paraffin, sectioned into 3 μm sec-
tions, stained on glass slides with H&E and analyzed using a micro-
scope/camera system (DMLS/DFC290; Leica, Wetzlar, Germany). For 
confocal laser microscopy analysis, fixed tissues were either directly 
stained and cleared or embedded in 4% low melting agarose and 
sectioned into 50–80 μm sections with a swinging blade microtome 
(VT1200S; Leica, Wetzlar, Germany). For the former, tissues were 
incubated with fluorescently-labelled antibodies indicated in Table S2 
for >24 h in histology washing buffer. Cell nuclei were stained for 10 
min with 4′,6-diamidino-2-phenylindole (DAPI; Thermo Fisher, Wal-
tham, USA) in histology washing buffer. Stained tissues were cleared by 
immersion in iohexol (Omnipaque ™, GE Healthcare, Chicago, USA) for 
24 h, mounted on a glass slide in iohexol and imaged within 24 h. To 
image sectioned tissues, sections were stained with the unconjugated or 
fluorescently-labelled antibodies indicated in Table S2. Unconjugated 
antibodies were detected with fluorescently labelled secondary anti-
bodies shown in Table S2 during a >2 h additional incubation in his-
tology washing buffer, cell nuclei were stained using DAPI. Stained 
tissue sections were washed in histology washing buffer and mounted on 
glass slides using ProLong Gold (Thermo Fisher, Waltham, USA) 
mounting medium. Mounted samples were imaged using an LSM710 
confocal laser microscope (Carl Zeiss, Jena, Germany) and acquired 
images analyzed using the Zeiss Zen software v2.3 (Carl Zeiss, Jena, 
Germany) and Imaris v8 (Oxford Instruments, Abingdon, UK) 
(Table S3). 

2.4. Flow cytometry analysis 

For flow cytometry analysis, frozen cells were thawed, washed once 
in R5 and blocked with PBS containing 2% FBS and 3% mouse serum for 
10 min at 4 ◦C to prevent unspecific antibody binding. Cells were sub-
sequently stained in PBS with 2% FBS containing the indicated anti-
bodies in Table S2 for 30 min at 4 ◦C. 7-Amino-Actinomycin D (7-AAD; 
Biolegend, San Diego, USA) was added at least 5 min before flow 
cytometry analysis to detect dead cells. Cells were analyzed using an 
LSRFortessa (BD Biosciences, Franklin Lakes, USA), and generated data 
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analyzed using FlowJo software v10.7.1 (BD Biosciences, Franklin 
Lakes, USA; Table S3). 

2.5. Statistical analysis 

All statistical analyses were performed using R version 3.5.1 (R 
Studio, Boston, Massachusetts) or GraphPad Prism version 9.0.2 
(GraphPad, San Diego, USA; Table S3). For Fig. 3D and E, a Mann- 
Whitney test was used. For Fig. 4C, a 2-way ANOVA with Sidak’s mul-
tiple comparisons test was performed. Results with a p-value <0.05 were 
considered statistically significant, asterisks indicate statistical signifi-
cance as following: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤
0.0001. 

3. Results 

3.1. The large intestine of adult pigs contains multifollicular submucosal 
lymphoid clusters and mucosal isolated lymphoid follicles 

To assess the structure, organization and cellular composition of 
porcine GALT, we adapted our recently published protocols for the 
isolation of human GALT (Jørgensen et al., 2021) to pig intestines. This 
isolation technique allowed us to identify and isolate distinct porcine 
GALT structures within the pig large and small intestinal LP as well as in 
the SM. Histological analysis of the porcine distal large intestine 
revealed the presence of multifollicular lymphoid structures (Fig. 1A), 
which likely represent the poorly described “lymphoglandular com-
plexes”, which were described several decades ago in the porcine colon 
(Morfitt and Pohlenz, 1989; Mansfield and Gauthier, 2004; Biswal et al., 
1954). Given their anatomy, localization within the intestinal wall, and 
the observation that these structures are densely packed with lympho-
cytes but seem to lack bona fide glandular tissue (Morfitt and Pohlenz, 
1989; Mansfield and Gauthier, 2004), we considered them GALT and 

Fig. 1. Histological characterization of adult porcine GALT. (A–C) Images of H&E staining of a colonic SLC (A), a colonic M-ILF (B), and a jejunal PP (C) derived 
from an adult pig. (D–F) Confocal laser microscopy images showing the organization of GALT including a colonic SLC (D), a colonic M-ILF (E), and a jejunal PP (F) of 
an adult pig. CD21+ B cells shown in red, CD4+ T cells shown in white. Their position within the gut wall is shown in relation to the alpha smooth muscle actin 
(αSMA)+ (green) muscularis mucosa (yellow arrows). (G–I) Confocal laser microscopy images of colonic GALT showing CD45+ lymphocyte-rich follicles (magenta), 
the presence of CD31+ vessels (yellow) and ER-TR7+ fibroblastic reticular cells (turquoise). Panels show SLC (G), M-ILF (H), and jejunal PP (I). (A–I) One repre-
sentative image shown from ≥ three individual replicates of individual pigs. Scale bars represent 200 μm. 
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subsequently termed them submucosal lymphoid clusters (SLC). While 
the present study and previous studies (Morfitt and Pohlenz, 1989; 
Mansfield and Gauthier, 2004) indicate that SLC are located primarily 
within the SM, our imaging showed that these structures possess a 
centrally-located “funnel-like” protrusion into the intestinal LP, 
providing a direct interface between the lymphoid tissue and the in-
testinal LP. These funnels penetrated the muscularis mucosa and coin-
cided with the presence of intestinal crypts within the lymphoid organ 
(Fig. 1A). While we detected no other multifollicular GALT in the mu-
cosa of the porcine distal colon, we also identified substantially smaller 
isolated lymphoid follicles within the LP which did not penetrate the 
muscularis mucosa (Fig. 1B, S1A-B). Since the location of these struc-
tures was similar to the M-ILF we recently described in the human in-
testine, we termed them porcine M-ILF. For comparison, we also 
analyzed isolated PP from the porcine jejunum (Fig. 1C) and confirmed 
anatomical similarities to the SLC in regard to their location within the 
gut wall and their multifollicular organization. 

3.2. SLC and M-ILF in adult pigs are highly organized lymphocyte 
reservoirs 

To assess the organization of porcine large intestinal GALT in further 
detail, tissue sections of SLC and M-ILF were stained for the presence of 
CD45+ lymphocytes, CD4+ T cells, CD21+ B cells, αSMA+ smooth 
muscle cells, CD31+ endothelial cells and ER-TR7+ mesenchymal stro-
mal cells (Van Vliet et al., 1986) and analyzed by confocal laser mi-
croscopy (Fig. 1D–I). Consistent with our H&E staining (Fig. 1A), SLC 
penetrated the αSMA+ muscularis mucosa, bringing them in direct 
proximity to the gut lumen, while colonic M-ILF did not breach the 
muscularis mucosa layer (Fig. 1D–F). Similar to porcine isolated jejunal 
PP, SLC of adult pigs contained multiple marginal B cell follicles as well 
as large perifollicular and central T cell areas (Fig. 1D and F). In contrast, 
M-ILF contained a single isolated central B cell follicle (Figs. 1E and S1B) 
with a peripheral T cell zone (Fig. 1E). The organ parenchyma and 
margins of GALT structures additionally contained CD31+ vessels pre-
sent primarily at perifollicular locations and a fibroblast network 
marked by the monoclonal ER-TR7 antibody (Van Vliet et al., 1986; 
Katakai et al., 2004), highlighting fibroblast-derived reticular fibers 
consisting of collagen IV (Schiavinato et al., 2021) (Fig. 1G–I). Together 
these findings demonstrate that porcine GALT are composed of the same 
basic building blocks observed in human multi-follicular GALT and 
M-ILF (Fenton et al., 2020; Mörbe et al., 2021; Junt et al., 2008). 

Finally, we also observed low numbers of isolated follicles in the 
colonic SM and muscularis mucosa (Fig. S1D). These structures were 
approximately the same size range as porcine M-ILF (Fig. S1E) and of 
human submucosal ILF (SM-ILF) (Fenton et al., 2020): however, at this 
point it remains unclear whether these structures truly represent SM-ILF 
or, rather, M-ILF that were separated with the muscularis mucosa during 
the separation of the LP from the SM. 

3.3. Flow cytometry reveals the lymphocyte composition of porcine GALT 

To obtain insights into the lymphocyte composition of porcine GALT, 
single-cell suspensions of GALT and surrounding LP were prepared and 
analyzed by flow cytometry (Fig. S2A). Almost all live cells obtained 
from GALT were CD45+ (Fig. S2B) and thus hematopoietic in origin. 
GALT-derived CD45+ cells consisted primarily of CD21+ B cells and 
CD3+ T cells. CD21hi cells were enriched in GALT compared to the 
surrounding colonic LP (Fig. 2A–B), in line with findings that CD21 
expression is high on naïve and primed B cells, but lower on LP plasma 
cells (Sinkora et al., 2013, 2014). Most CD3+ T cells in porcine GALT 
expressed CD4 and low levels of CD8 (Fig. 2B), suggesting that these 
cells represent functionally mature T helper cells (Gerner et al., 2009; 
Pescovitz et al., 1994; Zuckermann and Gaskins, 1996). Conversely, LP 
CD3+ T cells were enriched for CD4− CD8+ T cells and CD4− CD8−

double negative cells (Fig. 2B), which have been suggested to represent 

porcine effector cytotoxic T lymphocytes (Gerner et al., 2009; Zuck-
ermann and Gaskins, 1996) and γδ T cells (Boeker et al., 1999; Yang and 
Parkhouse, 1996), respectively. 

Together, our data demonstrate that porcine large intestinal GALT 
constitute dedicated lymphocyte reservoirs with a similar organization 
as porcine small intestinal PP, and a lymphocyte composition distinct to 
that of the surrounding LP. 

Fig. 2. Flow cytometry analysis of intestinal lymphocytes of adult pigs. 
(A) CD45+ cells and (B) CD3+ T cells isolated from the indicated intestinal 
locations of adult pigs. Numbers indicate means ± 1 SD from 3 to 8 individual 
pigs and 3 individual experiments. 
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3.4. The intestine of neonate piglets contains multifollicular SLC, but no 
M-ILF 

Since PP and ILF in mice have been shown to arise during different 
developmental time windows (Hamada et al., 2002; Baptista et al., 
2013; Veiga-Fernandes et al., 2007), we next assessed whether porcine 

GALT are present in neonatal piglets. Similar to adult pigs (Fig. 1), we 
detected large GALT including SLC in the large intestinal submucosa, 
with crypt-like structures in the parenchyma (Fig. 3A) and discrete je-
junal PP (Fig. 3B). In these neonatal piglets, SLC already possessed 
“funnel-like” protrusions into the LP (Fig. 3C). Neonatal SLC were sub-
stantially smaller than their counterparts in adult pigs (Fig. 3D), but 

Fig. 3. The GALT compartment of neonate piglets. (A–B) H&E staining of a colonic SLC (A) and a discrete jejunal PP (B) derived from a neonate piglet. (C) 
Confocal laser microscopy images of a cleared, neonate piglet-derived SLC. Images show the CD45+ lymphocyte cluster (green) including CD21+ B cells (red) located 
in the submucosa (SM, left panel), as well as the underlying LP highlighted by a DAPI+ cell layer low in CD45+/CD21+ lymphocytes, but with a funnel-like interface 
between SLC and gut lumen (asterisk). Dotted yellow line marks the SLC margins within the intestinal submucosa. Representative image out of 20 SLC derived from 4 
individual neonate piglets. (D–E) Measurement of follicle size in the adult and neonate porcine colonic SM. Each dot represents an SLC derived from 5 (adult) or 4 
(neonate) individual pigs. (E) Quantification of follicles in the adult (5 animals) and neonate (4 animals) porcine colonic SM. (F–G) Confocal laser microscopy image 
showing the organization of SLC (F) and jejunal PP (G) in neonate piglets containing CD21+ B cells (red) and CD4+ T cells (white) as well as their position in the gut 
wall in relation to the αSMA+ (green) muscularis mucosa (yellow arrows). (H–I) Confocal laser microscopy image of colonic SLC (H) and jejunal PP (I) showing 
CD45+ lymphocyte-rich follicles (magenta), the presence of CD31+ vessels (yellow) and fibroblasts highlighted by the ER-TR7 antibody (turquoise). (J) Analysis of 
neonate piglet LP showing the absence of M-ILF. Upper panel shows bright field image of LP from a neonate piglet, arrows mark LP invaginations of underlying SLC. 
Scale bars = 2 mm. Lower panel shows cleared confocal laser microscopy image of intestinal LP of a neonate pig. Scale bar = 1 mm. (K) Enumeration of M-ILF in the 
LP of adult and neonate pig large intestines. (A-C, F–I) Scale bars in (A-C, F–I) represent 200 μm. Images shown in (A-B, F-J) are representative images out of ≥3 
replicates from individual neonate piglets. 
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were present in significantly higher densities (Fig. 3E), confirming that 
immature SLC form before birth (McCance, 1974; Skrzypek et al., 2018) 
and in line with the notion that the intestine grows extensively after 
birth (Skrzypek et al., 2018; Xu et al., 1992). Neonatal SLC, similar to 
neonatal PP (Furukawa et al., 2020; Barman et al., 1997; Makala et al., 
2000), already contained multiple discrete CD21+ B cell follicles but few 
CD4+ T cells (Fig. 3F and G), indicating that the accumulation of these 
cells occurs after birth. CD31+ endothelial cells and ER-TR7+ mesen-
chymal stromal cells were also detectable in neonatal SLC (Fig. 3H) and 
jejunal PP (Fig. 3I), corroborating that the anlagen, i.e. the earliest 
developmental structure, of porcine multifollicular GALT develops 
before birth. In marked contrast to SLC, M-ILF were not observed in the 
neonatal porcine large intestine (Fig. 3J–K). To exclude the possibility 
that M-ILF anlagen within the LP of neonatal piglets were too small to be 
seen by conventional bright field microscopy, we additionally analyzed 
cleared whole-mount LP and confirmed the absence of these structures 
using confocal laser microscopy staining for accumulations of CD45+

lymphocytes and CD21+ B cells (Fig. 3J). Thus, SLC develop during 
embryogenesis, while M-ILF develop after birth. 

3.5. The lymphocyte compartment within porcine GALT undergoes 
postnatal maturation 

To compare the immune composition of GALT between neonatal and 
adult pigs, flow cytometry analysis was performed on neonatal and adult 
SLC, jejunal PP and surrounding LP, as well as on M-ILF of adult pigs. 
Principal component analysis (PCA) of CD21, CD3, CD4 and CD8 
expression demonstrated that SLC, PP and M-ILF samples clustered 
together rather than with the surrounding LP in adult pigs (Fig. 4A), 
highlighting their distinct immune composition. In addition, neonatal 

and adult GALT clustered separately from each other, supporting the 
notion that porcine GALT undergoes substantial maturation after birth 
(Stokes, 2017; Bailey and Haverson, 2006; Bailey et al., 2005). Specif-
ically, the flow cytometry analysis confirmed the histological findings 
that neonatal SLC and PP mainly contain CD21+ B cells and few T cells 
(Fig. 4B). Expression of CD8 by CD3+CD4+ T helper and CD4− CD8+

cytotoxic T cell subsets was also lower in neonates compared to adult 
GALT (Fig. 4C). Since CD8 is upregulated by antigen-experienced 
memory/effector T cells in pigs (Zuckermann and Gaskins, 1996; 
Zuckermann and Husmann, 1996; Dillender and Lunney, 1993), these 
results suggest that T cells in neonatal GALT are immature. 

4. Discussion 

Pigs offer a series of advantages as animal model over rodents 
regarding lymphoid tissue physiology and the generation of mucosal 
immune responses, including the presence of tonsils (Liebler-Tenorio 
and Pabst, 2006), similar pre- and postnatal immune compartment 
development and maturation (Bailey et al., 2005; Rothkötter et al., 
2002), and the feasibility to follow immune responses over long periods 
of time (Meurens et al., 2012; Gerdts et al., 2015). However, the cellular 
composition, anatomy and development of large intestinal GALT in pigs 
remained poorly understood. In this study, we adapted our previously 
published protocols to isolate GALT from the human intestine to assess 
these structures in neonatal and adult pigs. Within the porcine distal 
colon, we found multifollicular SLC within the SM in accordance with 
previous findings (Morfitt and Pohlenz, 1989; Mansfield and Gauthier, 
2004; Biswal et al., 1954), described their anatomy in detail, and 
showed that these structures are already present around birth. In addi-
tion, we identified as yet undescribed ILF within the large intestinal 

Fig. 4. Flow cytometry assessment of neonatal 
porcine GALT and LP. (A) Principal component 
analysis of all recorded flow cytometry parameters 
including all analyzed samples, each dot represents 
one individual sample. Considered flow cytometry 
parameters include expression of CD21, CD3, CD4 
and CD8, as well as mean fluorescence intensities of 
the analyzed factors. Lines and dotted lines indicate 
statistical ellipses’ at 95% confidence intervals of 
GALT (jejPP, SLC and/or MILF) and LP (cLP and 
jejLP), respectively. Arrows indicate flow cytometry 
parameters driving principal component 1 and 2; see 
also Fig. S2A for parameters. cLP = colonic LP; jejLP 
= jejunum lamina propria; jejPP = jejunum Peyer’s 
patch; MILF = mucosal isolated lymphoid follicle; 
SLC = submucosal lymphoid cluster. (B) Flow 
cytometry analysis of CD45+ cells isolated from the 
indicated intestinal locations of neonate piglets. Left 
panels show the total CD45+ gate, right panels show 
the CD3+ T cell compartment. Numbers indicate 
means ± 1 SD from 3 to 5 individual pigs and 3 in-
dividual experiments. (C) Levels of CD8α expression 
by CD3+CD4+ T helper cells with (upper panel) and 
CD3+CD4− CD8+ T lymphocytes (lower panel), with 
each individual dot representing an individual pig 
and with the mean and ±1 SD given.   
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mucosa of adult pigs, which each consisted of a single B cell follicle, and 
which developed after birth. In summary, our data highlight that both 
porcine SLC and M-ILF represent local intestinal leukocyte hubs with 
high densities of memory and effector-type lymphocytes; but with 
different developmental timelines. 

As such, we believe that our work lays important groundwork for 
future studies using pigs as animal models to study GALT. We speculate 
that pigs could provide a useful model for GALT development as it re-
mains difficult to study human GALT during early life, and there are 
major differences between murine and human ILF in regard to their 
cellular composition and development (reviewed in (Mörbe et al., 
2021)). Using human intestinal resection material, we previously found 
that the distal large intestine of humans harbors a high density of 
mucosal and submucosal ILF with a size and immune cell compartment 
reminiscent of porcine M-ILF (Fenton et al., 2020; Mörbe et al., 2021). In 
contrast, mice only harbor small mucosal ILF mainly consisting of a 
central B cell follicle with a surrounding ring of group 3 innate lymphoid 
cells and only few T cells (Hamada et al., 2002; Tsuji et al., 2008; Kiss 
et al., 2011). Our analyses also showed that SLC were already present 
around birth, indicating that these organs develop in the sterile envi-
ronment of the placenta during embryogenesis. Analogously, this was 
reported previously for at least some human ILF (Gustafson et al., 2014; 
Spencer et al., 2012) and we speculate that SLC could represent the 
porcine counterparts of such ILF, even though bona fide multifollicular 
GALT in the human colon are rare (Fenton et al., 2020). Unlike SLC, 
porcine M-ILF developed after birth in the early life of pigs. This char-
acteristic is shared with murine ILF, which develop around weaning age 
(Kanamori et al., 1996) and mature in response to the intestinal 
microbiota (Bouskra et al., 2008). While the exact time point and drivers 
of M-ILF development in humans and pigs remain unknown, there is 
evidence that the numbers of total ILF in humans increase during the 
first months of life (Dukes and Bussey, 1926; Hellmann, 1921), 
compatible with our findings in pigs that M-ILF develop after birth. 

Additionally, pigs could be useful to decipher the contributions of 
GALT to intestinal immune responses during infections (Meurens et al., 
2012) or vaccinations (Meurens et al., 2012; Gerdts et al., 2015). Using 
human intestinal resection material, we previously showed that human 
GALT contribute to regionalized immune responses as there was a high 
overlap in the IgA+ B cell repertoire between ileal PP and ileal LP, as 
well as between colonic SM-ILF and surrounding colonic LP, but to a 
substantially lesser extent between PP or SM-ILF and the respectively 
more distant LP site (Fenton et al., 2020). While this data is in agreement 
with findings that human PP and ILF harbor immune cell types associ-
ated with the presence of germinal centers, such as follicular dendritic 
cells (Fenton et al., 2020), T follicular helper cells (Fenton et al., 2020) 
and germinal center B cells (Fenton et al., 2020; Zhao et al., 2018), it is 
extremely difficult to study immune cell priming within human GALT in 
detail, as local immune responses can hardly be followed over time using 
human intestinal resection material or biopsies. We and others (Pabst, 
2020; Meurens et al., 2012; Gerdts et al., 2015) therefore propose that 
pigs could provide an attractive model to overcome this hurdle. It has, 
for example, been shown previously that porcine SLC accommodate 
germinal centers contributing to local IgA responses during intestinal 
Campylobacter jejuni and Trichuris suis infection (Mansfield and Gauthier, 
2004). Additionally, local delivery of fimbriae derived from entero-
toxigenic Escherichia coli (E. coli) into the jejunal PP of pigs resulted in a 
local induction of antigen-specific IgA and IgM (Snoeck et al., 2006), 
together demonstrating the feasibility to delineate GALT contributions 
to intestinal immunity during immune challenges in pigs. 

Finally, we speculate that a better understanding of GALT develop-
ment in pigs could have implications for future livestock farming. For 
example, enterotoxigenic infection of young piglets by pathogenic E. coli 
strains (Fairbrother et al., 2005) or Clostridium spp. (Yaeger et al., 2002) 
are an important problem in the pork production industry causing 
extensive diarrhea in piglets, death of animals, and large economic 
losses (Fairbrother et al., 2005; Luppi, 2017; Rhouma et al., 2017). On 

the other hand, adult pigs are less susceptible to infection with patho-
genic E. coli and Clostridium spp. (Yaeger et al., 2002; Dean-Nystrom and 
Samuel, 1994; Dean, 1990), a finding that could be explained by the 
extensive maturation process the porcine intestinal immune system 
undergoes after birth (own findings and (Furukawa et al., 2020; Bailey 
et al., 2005; Pabst et al., 1988)). 

In conclusion, the present study provides novel data regarding the 
structure and development of the porcine intestinal immune system. 
Nevertheless, many open questions remain surrounding the function, 
development and diversity of porcine GALT. Importantly, the precise 
functions of GALT during immune challenges over time, and the func-
tional differences between the GALT sites, both remain poorly under-
stood. Regarding the latter, it should be noted that the intestinal tract of 
adult pigs spans approximately 23 m (Kararli, 1995), making it possible 
that other intestinal areas accommodate additional GALT. At this point 
it also remains unclear whether the small, rare, follicular structures that 
we found in the large intestinal SM represent putative porcine SM-ILF or 
simply parts of M-ILF stuck to the SM/muscularis mucosa layer during 
the process of physical separation of LP and SM. Lastly, the abundance of 
immune cells other than T and B cells in porcine GALT should be 
investigated further, for example in respect to professional 
antigen-presenting cells important to T cell priming (Johansson-Lind-
bom et al., 2003) and in regard to ILC3, which are crucially involved in 
the GALT development (reviewed in (Mörbe et al., 2021)). While future 
studies will have to clarify these questions in detail, we show that pigs 
provide a useful model to study large intestinal GALT, and we propose 
that these structures should be considered in future infection and 
vaccination approaches. 
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Yeste, A., Grasset, E.K., Gutzeit, C., Uzzan, M., Ramanujam, M., van Zelm, M.C., 
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