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Abstract
Peyer’s patches are gut-associated lymphoid tissue located throughout the intestinal wall.

Peyer’s patches consist of highly organized ovoid-shaped follicles, classified as non-

encapsulated lymphatic tissues, populated with B cells, T cells, macrophages, and dendritic

cells and function as an organism’s intestinal surveillance. Limited work compares the gene

profiles of Peyer’s patches derived from different intestinal regions. In the current study, we

first performed whole transcriptome analysis using RNAseq to compare duodenal and ileal

Peyer’s patches obtained from the small intestine of Long Evans rats. Of the 12,300 genes

that were highly expressed, 18.5% were significantly different between the duodenum and

ileum. Using samples obtained from additional subjects (n¼ 10), we validated the novel

gene expression patterns in Peyer’s patches obtained from the three regions of the small

intestine. Rats had a significantly reduced number of Peyer’s patches in the duodenum in comparison to either the jejunum or

ileum. Regional differences in structural, metabolic, and immune-related genes were validated. Genes such as alcohol dehydro-

genase 1, gap junction protein beta 2, and serine peptidase inhibitor clade b, member 1a were significantly reduced in the ileum in

comparison to other regions. On the other hand, genes such as complement C3d receptor type, lymphocyte cytosolic protein 1,

and lysozyme C2 precursor were significantly lower in the duodenum. In summary, the gene expression pattern of Peyer’s

patches is influenced by intestinal location and may contribute to its role in that segment.
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Introduction

Gut-associated lymphoid tissue (GALT) consists of
organized lymphoid structures lining the gastrointestinal
tract that contains both isolated and aggregated multifollic-
ular structures for protection or prevention of invading
pathogenic organisms from ingested material.1 Peyer’s
patches (PP) are specialized ovoid-shaped GALT
classified as non-encapsulated lymphatic tissue and are
predominantly found in the distal jejunum and ileum but
are also more recently described in the duodenum.2,3 PP
primarily function as immune sentinels of the small intes-
tine. PP’s specific role is to monitor bacterial populations
and protect against pathogenic bacteria in the intestine, in
addition to maintaining tolerance to commensal bacteria
and food.

PP are estimated to contain over 70% of the body’s
immune cells.3 The population of cells within PP, e.g.,
microfold cells, macrophages, dendritic cells, B-lympho-
cytes, and T-lymphocytes, allow PP to uptake and trap for-
eign particles, survey luminal contents, and destroy
pathogenic microorganisms.3 Thus, PP significantly influ-
ence immunity and various immune-related diseases. For
example, PP are necessary for the establishment of oral tol-
erance to ingested proteins3 and allergic sensitization to
food components.4 On the other hand, the activity of the
PP contributes substantially to the lack of effectiveness
in oral vaccines versus parenterally administered vac-
cines.5,6 Beyond that, pathogenic gastrointestinal infections
alter the migration and induction of immune cells via
the PP.7,8

Impact statement
Peyer’s patches are gut-associated lym-

phoid tissue dispersed throughout the

intestine. Their role is to guard the organ-

ism from orally ingested invaders.

Likewise, they can permit modulation of

the immune system through gut entry.

Here, through transcriptomics, we com-

pare the proximally located PP to more

distally located PP and observe a signifi-

cant level of non-overlap between the PP

derived from unique segments. These data

will help understand the complex role the

PP play in gut immune health.
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Though PP were first described in the ileum,2 PP can be
identified in the jejunum and the duodenum.9 The majority
of the focus of study has been on PP within the ileum.
However, given that proximally located PP have primary
exposure to orally ingested food stuffs, drug therapies, and
other ingestible substances, understanding the molecular
differences between the proximal and distally located PP
is essential to investigate.

This work aimed to compare the gene profiles of PP
obtained from the three segments of the small intestine.
First, we performed whole transcriptome analysis using
RNAseq to understand the regional differences between
the proximally identified duodenal patches with more dis-
tally located ileal patches. We then used additional samples
to validate the findings using jejunal-derived PP to add
further regional context. Taken as a whole, regional differ-
ences in gene expression of structural and immune-related
genes may help us further understand the complexity of
their contribution to gut immunity.

Materials and methods

Animal assurance

All procedures for animal use complied with the
Guidelines for the Care and Use of Laboratory Animals
by the National Research Council of the National
Academies. Procedures were reviewed and approved by
the University of Mississippi Medical Center Institutional
Animal Care and Use Committee (IACUC #1423). In con-
ducting research using animals, the investigators adhered
to the laws of the United States of America and regulations
of the Department of Agriculture.

Animals

Male Long Evans rats (�450 g/18weeks old, n¼ 10) pur-
chased from Envigo (Indianapolis, IN) were singly housed
in the University of Mississippi Medical Center under con-
trolled conditions (12:12 light-dark cycle, 50–60% humidity,
25�C) with free access to water.

Euthanasia

Animals were 6 h fasted and then euthanized. The intestine
was externalized, and PP counted in each region of the
intestine and carefully dissected and stored in PFA or
frozen for RNA/protein extraction.

Peyer’s patch quantification

After the externalization of the small intestine, PP were
counted by measured segment (10 cm duodenum, �40 cm
jejunum, and �60 cm ileum). Each of the segments were
partitioned based on the measurements previously listed
and the first PP from each segment was used thereby assur-
ing similar placement of the PP with respect to the intesti-
nal segment between animals.

Tissue histology

Peyer’s patches from rat small intestine were collected and
fixed with PFA and paraffin-embedded at room tempera-
ture. Samples were sectioned at 5 lm and mounted on
slides. The hematoxylin and eosin-stained sections were
then imaged with an Olympus BX60 microscope at 10�.
Slides were also submitted to the UMMC Pathology
Department for digital scanning (PHILIPS Digital
Pathology Solutions Image Management System, Philips,
Netherlands) and lengths of PP obtained.

RNA processing

Peyer’s patches were visualized externally and microdis-
sected and immediately frozen on dry ice then stored at
�80�C until further processing. RNA was isolated with
TRIzolVR and extracted using a QIAGEN miniprep RNA
kit (QIAGEN, Inc., Valencia, CA). RNA content was quan-
tified using the NanoDrop Lite (Fisher ThermoScientific,
Waltham, MA). All samples displayed a purity level of
greater than 2.0.

Whole transcriptome analysis

The samples submitted to the Genomics Core for RNAseq
analysis for RNAseq were banked duodenal and ileal PP
samples of male Long Evans rats (500 g, n¼ 3). These sam-
ples were processed for RNAseq by the UMMC Genomics
Core. Briefly, RNAwas assessed for quality control param-
eters of minimum concentration and fidelity (i.e. 18S and
28S bands, RQI >8). Libraries were developed using the
TruSeq mRNA Stranded Library Prep Kit (Set-A-indexes),
quantified with the Qubit fluorimeter (Invitrogen), and
assessed for quality and size using Bio-Rad Experion
System. Samples were pooled into a single library (n¼ 10
pooled samples per library) and sequenced using the
NextSeq 500 High Output Kit (300 cycles, paired-end
100 bp) on the Illumina NextSeq 500 platform. The run gen-
erated 124Gb at QC30¼ 85.6% with 605 million or 60 mil-
lion reads per sample passing filter. Sequenced reads were
assessed for quality using the Illumina BaseSpace Cloud
Computing Platform, and FASTQ sequence files were
used to align reads to the rat reference genome using
RNA-Seq Alignment Application (using STAR aligner).
On average, 58 million reads (or >94% reads per sample)
mapped to the reference genome per sample. Differential
expression was determined using Cufflinks Assembly &
DE workflow (v2.1.0) or DESeq2. Gene expression differ-
ences are denoted as Log2 (ratio) and q> 0.05.

Gene networks and functional analysis were evaluated
using Ingenuity Pathways Analysis (IPA, IngenuityVR

Systems, www.ingenuity.com). Canonical pathways were
identified using gene data comparing the duodenal to
ileal PP with P values greater than 0.20. The IPA figure
displays entities that have a –log (P-value) greater than 5.0.

Taqman real-time PCR

Total RNAwas used to transcribe to complementary DNA
using an iScript complementary DNA synthesis kit (Bio-
Rad Laboratories, Hercules, CA). Quantitative polymerase
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chain reaction was performed on a Step-One Plus Real-
Time PCR machine coupled with StepOne Software (v2.3)
(Applied Biosystems) using TaqMan inventoried gene
expression assays (Life Technologies, Foster City, CA).
Samples were analyzed in duplicate, and changes in Ct
values from the internal control 60 s ribosomal protein 32
(RPL32) were calculated. The control group average DCt
was made to equal 1. DCts of the control group and the
experimental groups were then compared, and the fold
change was calculated, creating a 2DDCt paradigm. Data
were then multiplied by 100 so that the control group aver-
age DCt equaled 100.

Statistical analyses

All statistical analyses were performed using GraphPad
Prism version 8.0 (GraphPad Software, San Diego,
California, USA). One-way ANOVA with repeated meas-
ures was used to observe regional differences of the
paired samples and Tukey’s test for regional post hoc anal-
ysis. All results are given as means� SEM. Results were
considered statistically significant when P< 0.05.

Results

Whole transcriptome analysis

Sequencing of the rat intestinal PP assessed 12,300 of the
17,327 annotated genes. The Illumina software-generated
comparisons of the normalized mean count versus the
log2 fold change. Of the 12,300 genes probed, 10,021 were

not different between the duodenal PP and ileal PP
(Figure 1(a), insignificant in green), whereas 2279 genes
or 18.5% were differentially expressed (Figure 1(a), signif-
icant in red) between duodenal PP and ileal PP. The
Illumina software generated a heat map to visualize the
strength of differences between the differentially expressed
genes, where high expression values are labeled in green
and low expression in red (Figure 1(b)). The top 25 genes
with the greatest differential expression and their expres-
sion counts are listed in Table 1.

Using two lists of differential expression sequencing
counts for duodenum and ileum set post hoc at �300, we
visualized the depth of overlap between the two regions
using a Venn diagram (Figure 1(c)). Of the 7769 duodenal
genes and 8393 ileal genes with counts �300, 7600 or 88.8%
overlapped (Figure 1(c)); 168 genes or 2% of the genes were
unique to the duodenum (Figure 1(c)); 792 genes or 9.3%
were unique to the ileum (Figure 1(c)). The most highly
expressed duodenal genes by count are presented
(Table 2a) along with the list of the most-highly expressed
ileal genes (Table 2b). Fifteen of the genes in this abbrevi-
ated list overlap (Table 2), underscoring that the most
highly expressed genes in the duodenum and the most
highly expressed genes in the ileum are expressed in
common. Further, IPA’s canonical pathway analysis of duo-
denal PP and ileal PP showed both up- (depicted in red)
and down- (depicted in green) regulation of pathways
involved in cell turnover, immune signaling, and metabo-
lism (Figure 1(d)).

Figure 1. RNAseq data for duodenal PP and ileal PP of CH animals. (a) MA plot of genes compared depicting those with significant differences (2279 in red) and

insignificant differences (10,021 in green). (b) Heat map representing genes of duodenal PP and ileal PP clustered based on expression values, higher expression in

green and lower expression in red. (c) Venn diagram illustrating the relationship between highly expressed genes of duodenal PP and ileal PP. (d) Canonical pathway

analysis of duodenal and ileal PP, upregulated genes shown in red and downregulated genes shown in green. Pathways overall relate to cell cycle process, immune

signaling, and energy metabolism.
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PP distribution

Total number of visible PP in rats ranged from as few as
14 to as many as 22 (Figure 2(a)). The number of PP
significantly differed based on the region of the small
intestine with the least amount of PP present in the
duodenum, P< 0.0001 (Figure 2(a)). Using the Philips
Digital Software for measurement of the length of
each PP in the intestinal wall, the PP of the ileum were
substantially greater in length than either the duodenum
or jejunum, P< 0.05 (Figure 2(b)). PP were not examined for
other histologic changes in this study. Representative
images of PP by relative intestinal location show PP
tissue morphology (Figure 2(c)). No gross differences
were observed morphologically by region outside of over-
all palpable size.

Gene expression changes by region

The RNAseq data were validated using genes of interest
that were expressed more highly in the duodenal PP than
ileal PP. Alcohol dehydrogenase 1 (ADH1) gene expression
varied significantly, P< 0.01, with a lower expression in
ileal PP in comparison to both duodenal and jejunal PP
by post hoc analysis (Figure 3(a)). Gap junction protein
beta 2 (GJB2) gene expression also varied significantly by
region, P< 0.001, with significantly lower expression in
ileal PP in comparison to both duodenal and jejunal PP
(Figure 3(b)). Serine peptidase inhibitor clade b, member
1a (SERPINB1A) expression varied significantly by
region, P< 0.01, with ileal expression lower than jejunal
(Figure 3(c)) and serine peptidase inhibitor clade b,

member 1 b (SERPINB1B) gene expression varied by
region, P< 0.001, with expression significantly lower in
the ileal PP in comparison to duodenal and jejunal PP
(Figure 3(d)).

We next validated genes that were significantly reduced
in the duodenum in comparison to the ileum by RNAseq
analysis. Actin gamma 1 (ACTG1) expression varied signif-
icantly by region, P< 0.01, with lower expression in the
duodenal PP in comparison to jejunal PP (Figure 3(e)).
Complement C3d receptor type 2 (CR2), associated with
mature B cells, had significantly different expression
based on PP location within the intestine, P< 0.01, and duo-
denal PP expression was significantly lower than both jeju-
nal and ileal PP by post hoc analysis (Figure 3(f)).
Lymphocyte cytosolic protein 1 (LCP1) expression varied
significantly by PP location in the intestine, P< 0.05 and
duodenal PP had lower LCP1 expression than either jejunal
or ileal PP (Figure 3(g)).

Expression for lysozyme C2 precursor (LYZ2), a lyso-
zyme encoding gene, differed significantly by intestinal
region in PP, P< 0.001 (Figure 3(h)). Duodenal expression
is significantly lower than both jejunal and ileal PP; further,
jejunal PP expression is significantly lower than ileal
(Figure 3(h)). Moesin (MSN), membrane-organizing exten-
sion spike protein, expression significantly varied by
region, P< 0.001 with duodenal expression being signifi-
cantly lower than jejunal (Figure 3(i)).

Immune target genes in PP

Gene expression of cluster of differentiation 3 (CD3), CD68,
integrin alpha X (ITGAX), specific to leukocytes and highly

Table 1. Genes with a significant difference in expression in duodenal PP and ileal PP.

Duodenal PP Ileal PP

SYMBOL Gene name Mean SEM Mean SEM P value

Tlr9 Toll-like receptor 9 347.67 � 12.41 551.67 � 2.73 0.00009

Ccni Cyclin I 4236.33 � 194.35 7384.00 � 53.00 0.00010

Chsy1 Chondroitin sulfate synthase 1 754.00 � 38.08 1385.33 � 29.49 0.00020

Aldh4a1 Aldehyde dehydrogenase 4 family member A1 430.00 � 27.79 902.67 � 26.41 0.00025

Clcn4 Chloride voltage-gated channel 4 667.33 � 41.03 1270.00 � 35.79 0.00038

Cr2 Complement C3d receptor 2 9091.33 � 629.74 18787.67 � 926.00 0.00098

Tmem150a Transmembrane protein 150A 711.67 � 37.49 325.00 � 25.15 0.00102

Adh1 Alcohol dehydrogenase 1A 9175.67 � 591.77 1583.00 � 699.46 0.00116

Ppm1k Protein phosphatase, Mg2þ/Mn2þ Dependent 1K 649.00 � 32.81 1486.67 � 95.96 0.00117

Serpinb6 Serpin family B member 6 8743.00 � 565.76 3137.33 � 385.70 0.00121

Gjb2 Gap junction protein beta 2 5766.33 � 620.53 559.67 � 296.74 0.00163

Msn Moesin 6286.67 � 444.50 11830.67 � 591.68 0.00170

Riok3 RIO kinase 3 3323.00 � 188.22 5356.33 � 199.69 0.00177

Pdk2 Pyruvate dehydrogenase kinase 2 649.67 � 20.08 355.33 � 34.69 0.00183

Atox1 Antioxidant 1 copper chaperone 1890.00 � 79.07 1232.67 � 42.29 0.00184

Nin Ninein 642.00 � 37.45 1775.33 � 152.33 0.00195

Uvrag UV radiation resistance-associated gene protein 637.00 � 53.53 1244.67 � 66.85 0.00208

Hdac9 Histone deacetylase 9 328.67 � 14.38 768.33 � 61.38 0.00222

Mtpn Myotrophin 1679.33 � 33.93 3947.67 � 325.51 0.00227

Chst3 Carbohydrate sulfotransferase 3 320.00 � 27.54 517.33 � 7.31 0.00228

Actg1 Actin, gamma 1 7713.67 � 184.84 12527.67 � 685.90 0.00247

Cybb Cytochrome B-245 beta chain 1549.00 � 14.73 3488.00 � 286.55 0.00250

Cd5l CD5 molecule like 980.67 � 267.60 2970.33 � 124.28 0.00252

Serpinb1a Serpin family B member 1 13981.00 � 915.94 5169.00 � 937.14 0.00255

Ccng2 Cyclin G2 2844.00 � 250.08 4600.33 � 77.37 0.00257
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expressed by dendritic cells, and transforming growth
factor beta (TGFb) did not significantly differ by region
(Figure 4(a), (d), (f), and (i)). T cell-associated genes, CD4
and CD8, expression were different by intestinal region of
PP, P< 0.05 and P< 0.001, respectively (Figure 4(b) and (c)).
CD4 jejunal expression was significantly higher than
ileal expression and jejunal expression of CD8 was
significantly higher than both duodenal and ileal expres-
sion, P< 0.01 (Figure 4(b) and (c)). Protein tyrosine phos-
phatase receptor, type C (PTPRC), expression varied
significantly, P< 0.001, with jejunal expression being signif-
icantly higher than either duodenal or ileal expression,
P< 0.05 (Figure 4(e)). Additionally, lipopolysaccharide
binding protein (LBP) expression was elevated in the
jejunum, P< 0.05 (Figure 4(g)). The gene expression of
interleukin 1 beta (IL1b), a cytokine that signals macro-
phage activation, significantly varied by region, P< 0.01,
with both duodenal and ileal expression significantly
lower than jejunal expression, P< 0.01 and P< 0.05, respec-
tively (Figure 4(h)).

Discussion

Our work demonstrates the significant difference in duo-
denal numbers of PP versus the number of PP in either the
jejunum or ileum. The disparity in the number of PP by
region is congruent with human studies that show a
reduced number of PP in the duodenum in comparison to
PP in either the jejunum or ileum.2,10 Measurements of indi-
vidual PP length were significantly different, with the larg-
est PP observed in the ileum. This characteristic is reported
in earlier human studies that also state that PP from the
ileum are larger than those of other regions of the small
intestine.2

The expression profile of the small intestine is known
to vary by segmental location and is influenced
by the role of that segment. For example, cytochrome b
reductase 1 integral in metabolism of iron is
expressed only in the duodenum.11 In contrast, lactase-
phlorizin hydrolase (Lct) is mainly expressed in the
jejunum,12 and the apical sodium-dependent bile acid

Table 2. Genes that are highly expressed in duodenal PP and genes that are highly expressed in ileal PP.

Symbol Gene name Mean SEM

a. Highly expressed duodenual genes

Cd74 CD74 molecule, MHC, class II invariant chain 53257.7 � 6003.3

Eef1a1 Eukaryotic translation elongation factor 1 alpha 1 41736.3 � 1768.8

Eef2 Eukaryotic translation elongation factor 2 36360.7 � 2130.7

Srrm2 Serine/arginine repetitive matrix 2 29874.7 � 2023.4

Clu Clusterin 28810.0 � 3680.6

Fth1 Ferritin heavy chain 1 26361.7 � 2991.4

Myh11 Myosin heavy chain 11 25714.3 � 8627.4

Hsp90ab1 Heat shock protein 90 alpha family class B member 1 23869.3 � 1657.2

Tpt1 Tumor protein, translationally-controlled 1 23678.0 � 1250.1

RT1-Da Major histocompatibility complex, class II, DR alpha 23454.7 � 2124.2

Macf1 Microtubule actin crosslinking factor 1 23100.7 � 1049.0

B2m Beta-2-microglobulin 22065.7 � 1105.8

Tmsb4x Thymosin beta 4 X-linked 21673.3 � 1515.5

Ptprc Protein tyrosine phosphatase receptor type C 20706.3 � 1032.2

Atp5b ATP synthase F1 subunit beta 19412.7 � 1521.9

Mfge8 Milk fat globule-EGF factor 8 protein 18908.7 � 2118.3

RT1-Ba Major histocompatibility complex, class II, DQ alpha 1 18273.7 � 1843.7

Ddx5 DEAD (Asp-Glu-Ala-Asp) box helicase 5 18260.0 � 407.6

b. Highly expressed ileal genes

Cd74 CD74 molecule, MHC, class II invariant chain 59837.3 � 2662.6

Eef2 Eukaryotic translation elongation factor 2 59410.3 � 3752.7

Eef1a1 Eukaryotic translation elongation factor 1 alpha 1 55100.7 � 2624.6

Hsp90ab1 Heat shock protein 90 alpha family class B member 1 36334.0 � 1238.6

Lcp1 Lymphocyte cytosolic protein 1 35712.3 � 3713.7

Ptprc Protein tyrosine phosphatase receptor type C 34493.3 � 2498.5

Srrm2 Serine/arginine repetitive matrix 2 31538.0 � 3542.2

Clu Clusterin 30823.3 � 2695.7

B2m Beta-2-microglobulin 29402.0 � 1815.4

RT1-Da Major histocompatibility complex, class II, DR alpha 28784.3 � 1914.8

Tpt1 Tumor protein, translationally controlled 1 28609.0 � 1302.6

Tmsb4x Thymosin beta 4 X-linked 27021.7 � 1916.8

Mfge8 Milk fat globule-EGF factor 8 protein 26623.0 � 3202.7

Pabpc1 Poly(A) binding protein cytoplasmic 1 26540.7 � 2383.0

Lyz2 Lysozyme 25915.7 � 1588.7

Macf1 Microtubule actin crosslinking factor 1 25202.7 � 2611.2

Coro1a Coronin 1A 23518.3 � 2954.1

RT1-Ba Major histocompatibility complex, class II, DQ alpha 1 23279.3 � 1511.0

Ddx5 DEAD (Asp-Glu-Ala-Asp) box helicase 5 22913.3 � 1790.4
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Figure 2. PP by intestinal region. (a) PP number by region of the intestine compared to overall total PP. (b) Measurements of length of the PP by region.

(c) Representative images of hematoxylin and eosin (H&E) at 10� magnification. Data are presented as mean�SEM and analyzed by one-way ANOVA.

*P<0.05, **P< 0.01, ****P< 0.0001.

Figure 3. Gene expression of target validation of the RNAseq in PP from duodenum, jejunum, and ileum. (a) Alcohol dehydrogenase 1 (ADH1) (b) Gap junction protein

beta 2 (GJB2) (c) Serine peptidase inhibitor clade b, member 1a (SERPINB1A) (d) serine peptidase inhibitor clade b, member 1 b (SERPINB1B) (e) Actin gamma 1

(ACTG1) (f) Complement C3d receptor type 2 (CR2) (g) Lymphocyte cytosolic protein 1, (LCP1) (h) Lysozyme C2 precursor (i) Moesin (MSN). Data are presented as

mean�SEM. Statistical comparison of region and diet performed by one-way ANOVA reported below each graph with post hoc Tukey’s. Relevant statistical

comparison reported by *P< 0.05, ** P< 0.01, ***P< 0.001, ***P< 0.0001 (n¼10/group).
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transporter (ASBT, Slc10a2) most highly expressed in the
ileum.13

Given that differences have been reported based on seg-
ment, our initial thoughts were that the most robust differ-
ences in gene expression would be obtained comparing the
duodenal to the ileal PP. This assumption is the rationale
behind choosing PP from these regions for the whole tran-
scriptome analysis. We did find diverse roles of the PP in
the various pathways identified by the analysis. For exam-
ple, the senescence pathway is associated with cellular
growth, proliferation, and development, and is a response
to physiological or pathological stressors that leads to cell
cycle arrest. In the gut, this pathway prevents the develop-
ment of various gastrointestinal cancers.14 In contrast, sir-
tuin signaling delays senescence and further prolongs
cellular life expectancy.15 Members of the sirtuin family
have been connected to obesity and related comorbidities,
and in recent literature, connected to inflammation.16 P13K
activation regulates actions in the development, activation,
and differentiation of both B and T lymphocytes; addition-
ally, P13K activation has both negative and positive respon-
sibilities in immunity.17 In B lymphocytes, P13K signaling
regulates cell metabolism following activation, thus linking
B cell metabolism with receptor signaling.18 Aryl hydrocar-
bon receptor signaling is relevant to cell cycle regulation in
that it acts as a cell cycle checkpoint, arresting cell cycle
before DNA replication, outside of its responsibilities in

drug metabolism.19 Finally, the Cell Cycle Control of
Chromosomal Regulation canonical pathway ensures that
DNA replication occurs correctly in the cell cycle and is not
occurring with damaged or stressed cells.20 Taken together,
pathways demonstrating variance between PP from differ-
ent regions largely revolves around checks within the cell
cycle.

Differential expression of genes by region in the
intestine

The genes used to validate the RNAseq data generally fell
into two categories: structural networking proteins or
immune-modulating proteins. First, we validated gene tar-
gets that were more highly expressed in proximal PP in
comparison to the distal PP of the gut followed by validat-
ing targets more highly expressed in distal PP.

The PP are predominantly made of resident immuno-
cytes; the expression of ADH1 has previously been identi-
fied in tissues of myeloid and lymphoid origin and can
trigger differentiation of M1 macrophages and induce pro-
duction of IL-1b, IL-6, and TNF-a.21 Further, the gastric epi-
thelium is a primary site for the conversion of alcohol and
aldehydes/ketones in humans and rodents.22 The higher
expression proximally may be a byproduct of proximity
to the stomach and the need for detoxification due to loca-
tion. Similarly, GJB2 expression, which encodes the

Figure 4. Gene expression analysis of immune targets in PP from duodenum, jejunum, and ileum (a) CD3 (b) CD4 (c) CD8 (d) CD68 (e) Protein tyrosine phosphatase

receptor, type C (PTPRC) (f) Integrin alpha X (ITGAX) (g) Lipopolysaccharide binding protein (LBP) (h) Interleukin 1 beta (IL1b) (i) Transforming growth factor beta (TGFb).
Data are presented as mean�SEM. Statistical comparison of region and diet performed by two-way ANOVA reported below each graph with post hoc Tukey’s

Relevant statistical comparison reported by *P< 0.05 (n¼ 10/group).
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connexin 26 protein, is greater in proximal PP and is highly
expressed in follicle-associated epithelium and microfold
cells of PP.23 Connexin proteins are abundant in the diges-
tive system and primarily form gap junctions. Gap junc-
tions formed by connexin 26 allow for the transport of
ions and certain small molecules.24 Certain pathogens
exploit this junctional protein such as enteropathogenic
E. coli, which can co-opt the expression of connexin 26 for
gastrointestinal invasion and, ultimately, diarrhea.25

Significantly higher expression of GJB2 in PP close to the
stomach facilitates increased susceptibility to pathogens
that would exploit this protein for infection. Furthermore,
an upregulation in gap junction related proteins would be
indicative of more gap junctions present, thus more chan-
nels to transport molecules and ions.

SERPINB1A/B, serine peptidase inhibitors of clade B,
are also known as leukocyte elastase inhibitors. They are
important in neutralizing protease activity and protecting
tissues from inflammatory damage.26 Higher expression
SERPINB1A/B in the duodenum and jejunum could be
due to these segments being more closely located to the
stomach where the unprocessed nutrient load is high and
where greater neutralization is necessary. Furthermore,
SERPINB1A has been shown to be upregulated in the intes-
tinal mucosa of mice with ulcerative colitis,27 suggesting
its role to compensate for the damage produced to the
intestine in this disease process. Caspases mediate defense
against microbial infections and produces pro-
inflammatory cytokines that can trigger pyroptosis, inflam-
matory cell death with substantial cytosolic leakage.28

Unchecked caspase activity could thus lead to a deleterious
inflammatory process and requires regulation; SERPINB1
limits the activation of inflammatory caspases preventing
their unsolicited activation.28

ACTG1 is a highly conserved structural protein of the
cytoskeleton present in many tissues throughout the body
and is highly expressed in the intestine, with higher levels
in the distal intestine than the proximal intestine. Increased
ACTG1 may signify a difference in the scaffolding that
makes up the PP of the ileum given that the ileal PP are
much larger in comparison to the duodenal PP.
Considering ingested contents become more compact
during transit within the small intestine as nutrients are
absorbed, and waste is transported to the lower gastroin-
testinal tract,29 there may be a greater need for higher struc-
tural integrity.

CR2 encodes for complement C3d receptor, an essential
part of the complement system. CR2 is expressed on the
surfaces of B cells and T cells30 and follicular dendritic
cells31 and participates in their activation and maturation.
CR2 protein by immunoelectron microscopy has been
found on the cell surface of cells localized to the light
zone of the germinal center in PP.32 On the other hand,
LCP1 encodes for plastin-2 and is an actin-binding protein
that is expressed in the intestinal epithelium. Plastin in
humans has two distinct isoforms. The L isoform is
expressed only in hematopoietic cell lineages and the T
isoform is found in solid tissues with replicative potential.33

Moreover, LCP1 is an activator of T cells.34 The high pres-
ence of CR2 and LCP1 in the distal gut may be protective

against pathogens who have survived the extended dis-
tance to arrive in the ileum.

LYZ2 is an enzyme with bacteriolytic function and is
active against a range of Gram-positive and -negative bac-
teria.35 Given that the ileum is closest to the cecum where
the largest concentration of microbiota resides, it is not
entirely surprising that LYZ2 is highly expressed here.
Further, PP contain unique subsets of lysozyme expressing
cells, which fortify their antimicrobial roles.36 Finally, MSN
(moesin), also known as the membrane organizing exten-
sion protein, functions as a cross-linker between plasma
membranes and actin cytoskeletons. Along with the pro-
teins, ezrin, and radixin, moesin forms specialized mem-
brane domains and apical microvilli of epithelial cells.37

Similar to ACTG1, it may provide structural integrity to
the PP under tension.

PP expression of immune-related genes

PP contain immune cells such as B cells, T cells, macro-
phages, and dendritic cells that are compartmentalized
into three domains and are surrounded by a follicle-
associated epithelium separating the cells of the PP from
luminal content. The follicle-associated epithelium contains
specialized microfold cells that allow the entrance of anti-
gens and bacteria into the PP for processing by immune
cells.38 Surprisingly, there was higher expression patterns
of Tcell marker CD8, generalized markers for lymphocytes
PTPRC, and the dendritic and macrophage cell marker
ITGAX in the jejunal PP. There is higher expression of cyto-
kine IL1b in the jejunum, aligning with immune cell marker
expression. IL1b is secreted by leukocytes, such as macro-
phages, and is produced as the inactive pro-IL-1b precursor
in response to pathogen-associated molecular patterns,
which is then cleaved by caspase-1.39 As the duodenum is
very short in comparison to the jejunum, it may be that its
contribution of immune health is more complicated than is
currently known.

Limitations and future directions

In hindsight, whole transcriptome analysis of each region’s
representative PP would have been useful to expand our
knowledge concerning PP rather than at the ends of the
intestine. In the directed PCR we performed stemming
from the RNAseq, we were surprised to find high expres-
sion of transcripts in the jejunum in comparison to either
the duodenum or ileum. We surmise there may be an unde-
scribed role of jejunal PP to be discovered. Rather than
excising representative PP from each segment of the intes-
tine, excising a representative PP for every given measure
of length would showcase whether a gradient of expression
exists in certain transcripts based on the function of that
segment of the intestine. This procedure would require fre-
quent sampling over the length of the intestine but may
expand our understanding of the role of PP. The strength
here is that we excised the first PP encountered after a stan-
dard length that was measured each time for each segment.

The PP are nestled amidst the surrounding epithelium of
the gut. Some targets we probed may overlap with normal
intestinal tissues; thus, it is possible that some of the tissue
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included in each sampling in the current study is more
properly intestinal tissue and not PP alone. More precise
methods of tissue collection could overcome this heteroge-
neity, such as microscopy coupled with laser capture dis-
section. In the future, such a method might yield greater
homogeneity of expression. Finally, given that the gut and
microbiome housed within the gut make accommodations
to the diet of the host, it would be interesting in the future to
determine whether transcript regulation occurs as a result
of the macronutrient content of the diet.
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