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Abstract

Assessing intestinal development and host-microbe interactions in healthy human infants requires noninvasive approaches. We
have shown that the transcriptome of exfoliated epithelial cells in feces can differentiate breast-fed and formula-fed infants and
term and preterm infants. However, it is not fully understood which regions of the intestine that the exfoliated cells represent.
Herein, the transcriptional profiles of exfoliated cells with that of the ileal and colonic mucosa were compared. We hypothesized
that exfoliated cells in the distal colon would reflect mucosal signatures of more proximal regions of the gut. Two-day-old piglets
(n = 8) were fed formulas for 20days. Luminal contents and mucosa were collected from ileum (IL), ascending colon (AC), and
descending (DC) colon, and mRNA was extracted and sequenced. On average, �13,000 genes were mapped in mucosal tissues
and �10,000 in luminal contents. The intersection of detected genes between three mucosa regions and DC exfoliome indicated
an approximately 99% overlap. On average, 49% of the genes in IL, AC, and DC mucosa were present in the AC and DC exfo-
liome. Genes expressed predominantly in specific anatomic sites (stomach, pancreas, small intestine, colon) were detectable in
exfoliated cells. In addition, gene markers for all intestinal epithelial cell types were expressed in the exfoliome representing a
diverse array of cell types arising from both the small and large intestine. Genes were mapped to nutrient absorption and trans-
port and immune function. Thus, the exfoliome represents a robust reservoir of information in which to assess intestinal develop-
ment and responses to dietary interventions.

NEW & NOTEWORTHY The transcriptome of exfoliated epithelial cells in stool contain gene signatures from both small and
large intestinal mucosa affording a noninvasive approach to assess gut health and function.

colon; ileum; intestine; transcriptome

INTRODUCTION

The early postnatal period represents a pivotal opportunity
within the first 1,000days of life to influence both short- and
long-term health outcomes (1). In the past decade, how early
nutrition regulates the development of the gut microbiome
and the subsequent programming of infant growth (2, 3), and
intestinal (4), immune (5, 6), and cognitive (7) development
have been a focus of both basic and clinical research. Large-
scale studies have shown that receipt of human milk is the
most significant factor associated with microbiome structure
(8) due to the presence of prebiotics (e.g., humanmilk oligosac-
charides), microbes, and bioactive proteins and lipids (9, 10).

This key role of human milk in early infant development
has led to the recent call for “timely investments in research

designed to clarify the operations and biological effects of
the mother-breastmilk-infant ‘triad’ and their translation to
public health” (11). To gain insight into this triad, it is essen-
tial to understand the molecular crosstalk between the host
and the microbiota. This requires suitable noninvasive
approaches that can be applied longitudinally to healthy
infants (12). To address this challenge, we have developed an
approach to interrogate the intestinal exfoliome using infant
stool (13) to examine the transgenomic crosstalk between the
microbial metagenome and cells of the infant intestine (14).
Using this approach, we have demonstrated that differences
in intestinal gene expression exist between breast and for-
mula-fed infants (13) and term and preterm infants (15) and
have identified potential nutritionally- and developmentally
regulated biomarker genes. In addition, integrating the host
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transcriptome and bacterial metagenome through novel
multivariate statistical analyses showed that the gut micro-
biota metagenome virulence characteristics concurrently
varied with immunity-related gene expression in epithelial
cells between the formula-fed and the breast-fed infants (14).

Exfoliated epithelial cell gene signatures can be derived
from both the small and large intestine (13), however, defini-
tive sources of these cells have not been defined to date. A
recent study conducted by our laboratory assessed the inter-
relatedness of tissue (invasive) and stool (noninvasive) data-
sets from both the small intestinal mucosa and colonic mu-
cosa of healthy control mice or those exhibiting nonsteroidal
anti-inflammatory drug (NSAID)-induced enteropathy (16).
The exfoliated cell transcriptome closely mirrored the tran-
scriptome of the small intestinal mucosa, suggesting that the
exfoliome may serve as a noninvasive means of detecting
andmonitoring mucosal inflammatory diseases that are spe-
cific to the small intestine (16). Similar data are not available
for healthy neonates, thus, the goal of this study was to
investigate the transcriptional profile of exfoliated cells in
the fecal stream with that of the underlying mucosa col-
lected from the ileum and colon. We hypothesized that
exfoliated cells in the distal colon would reflect mucosal
signatures of more proximal regions of the gut. These stud-
ies were conducted in the piglet, as it is considered the
best model for human infant intestinal, immune, and cog-
nitive development (3, 17, 18).

MATERIALS AND METHODS

Animal Experiment

All animal care and experimental procedures were in ac-
cordance with the National Research Council Guide for
Care and Use of Laboratory Animals and approved by the
University of Illinois at Urbana-Champaign Institutional
Animal Care and Use Committee. Intact male pigs (1050
Cambro genetics; n = 8) were naturally farrowed and allowed
colostrum consumption for up to 48h before transport to the
animal facilities on campus. Upon arrival, pigs were admin-
istered a subcutaneous injection of Clostridium perfingens
antitoxin C þ D (5.0mL) (Colorado Serum Company,
Denver, CO). Pigs were artificially reared from postnatal
day (PND) 2 until PND 22 and housed in caging units that
contained six individual stainless-steel cages (length �
width � height of 87.6 cm � 88.9 cm � 50.8 cm) with clear,
polycarbonate facades on three sides of the cage and vinyl-
coated, expanded-metal flooring (Tenderfoot, Minneapolis,
MN). All pigs were reared in the same room with ambient
temperature maintained between 27 and 29�C and a 12-h
light/dark cycle maintained from 0600 to 1800h. Pigs were
observed twice daily at �0800 and 1600h and given health
scores to track any weight loss, vomiting, diarrhea, or lethar-
gic behavior.

Pigs were fed a nutritionally completemilk replacer recon-
stituted at 183 g of dry powder in 1L of water (Nutrastart
Liqui-Wean, Milk Specialties Global, Eden Prairie, MN). Pigs
received �0.5L of formula on the day of arrival to allow for
adjustment to the milk replacer and were subsequently fed
at a rate of 285mL and 325mL/kg body wt from PND 3–6 and
PND 7–22, respectively. Individual pig body weights were

recorded daily to determine the volume of milk to be dis-
pensed to individual animals throughout the day. Formula
was administered 10 times/day, between 1000 and 0400h
using an automated feeding system.

Sample Collection

At study conclusion (PND 22), piglets were initially
anesthetized with an intramuscular injection of Telazol
(Tiletamine HCl and Zolazepam HCl, 3.5mg/kg body wt
each, Pfizer Animal Health, Fort Dodge, IA), after which
they were euthanized by an intracardiac injection of 72
mg/kg body wt pentobarbital sodium (Fatal Plus, Vortech
Pharmaceuticals, Dearborn, MI). The small intestine was
excised from the pyloric sphincter to the ileocecal junction,
and its length measured. The intestine was divided into
three regions, based on length: duodenum (0%–10%), jeju-
num (11%–74%), and ileum (IL; final 75%–100%). The large
intestine was separated into cecum and colon at the ceco-
colic junction. The colon was further divided into the
ascending (AC) and transverse and descending colon (DC)
(19). Contents (�1.0–2.0 g) were collected from the IL, AC,
and DC and immediately homogenized in 2� volume of
Ambion Denaturation Solution (Millipore Sigma, St Louis,
MO). Segments (�10cm) of IL, AC, and DC were opened lon-
gitudinally and mucosa (0.5–1.0 g) scraped with a sterile
microscope slide and flash frozen in liquid nitrogen.
Samples were stored at�80�C and then shipped on dry ice to
Texas A&MUniversity for RNA isolation, library preparation,
and for RNA sequencing.

RNA Isolation fromMucosa and Intestinal Contents and
Library Construction

For intestinal mucosa samples, RNA was extracted from
the scraped mucosa of the IL, AC, and DC using an
RNAqueous kit (Life Technologies, Carlsbad, CA) following
the manufacturer’s protocol, followed by DNase treatment
with DNAFree (Life Technologies). RNA was quantified by
Nanodrop spectrophotometer (Thermo Fisher Scientific,
Waltham, MA), and quality determined using the Nano6000
chip on a Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA). Sequencing libraries were generated using 250ng
of RNA and the TruSeq RNA Sample Preparation kit
(Illumina) as per the manufacturer’s protocol. Sequencing
libraries were prepared using 250ng of RNA and the TruSeq
RNA Sample Preparation Kit (Illumina) as previously
described (16, 20). Only tissue samples with a RNA integrity
number (RIN)> 8 were sequenced.

For AC and DC contents (host exfoliome), polyAþ RNA
was isolated as previously described (16, 20). Briefly, RNA
was extracted using a commercially available kit (Active
Motif, Carslbad, CA), quantified by Nanodrop, and quality
assessed via Bioanalyzer 2100. Each sample (30ng) was proc-
essed with the NuGen Ovation 30-DGE kit (San Carlos, CA) to
convert RNA into cDNA, followed by the NuGen Encore
Rapid Library kit. Briefly, following cDNA fragment repair
and purification, Illumina adaptors were ligated onto frag-
ment ends and amplified to create the final library. Libraries
were quantified using the NEBNext Library Quant kit for
Illumina (NEB, Ipswich, MA) and assayed on an Agilent DNA
High Sensitivity Chip to confirm sizing and exclusion of
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adapter dimers. In the absence of a poly Aþ region, bacterial
mRNAwas not reverse transcribed (16, 20).

Sequencing Pipelines and Data Analysis

Samples from AC and DC mucosa and corresponding AC
and DC stool contents were sequenced using the Illumina
HiSeq 2500 platform (Illumina, San Diego, CA) at 50 bases
single end. The IL mucosa was sequenced on the NextSeq
500 platform (Illumina, San Diego, CA) at 75 bases single
end. Sequencing data were examined for quality control
with FastQC. RNA sequence reads were mapped using STAR
(Spliced Transcript Alignment to a Reference) aligner 2.4.0j
(21) in combination with a customized Ensembl reference
Sscrofa 11.1.91. Mucosal samples were mapped using default
parameters. To determine optimal mapping parameters for
the intestinal exfoliome, stool samples were compared after
mapping using various Lread settings and trimming meth-
ods. Read lengths (Lread) settings of 0.30, 0.35, 0.40, 0.45,
0.50, 0.55, and 0.60 were assessed relative to a default set-
ting of 0.66. Trimming was performed using cutadapt ver-
sion 1.17 (22) with Python 2.7 to remove Illumina adaptor
sequence (agatcggaagagcacacgtctgaactccagtca) along with
bases exhibiting a quality score below Q26 only. To assess
how trimming removed both Illumina adaptors, the qual-
ity score was compared with untrimmed samples. All
trimmed outputs were required to have a minimum of 18
bases. Overall, the trimming had little effect on the map-
ping results. Thus, an Lread value of 0.45 was chosen since
it resulted in an increased number of unique annotated
reads over other values (Supplemental Fig. S6; see https://
doi.org/10.6084/m9.figshare.13473798). Reads were quan-
tified using HTSeq-count 0.11.1 (23). The datasets utilized
for the current study are available via the NCBI bioproject
(Accession No. PRJNA626016) http://www.ncbi.nlm.nih.
gov/bioproject/. Statistical analysis was performed using R
(v. 3.6.3) statistical software. The Integrative Genome
Viewer (IGV) version 2.8.4 (24, 25) was used to generate
images of the read mappings to protein coding genes of
the Sus scrofa 11.1 genome downloaded from Ensembl.org.
For the purpose of comparing gene expression in epithelial
tissue and the exfoliome in AC and DC contents, bio-
markers for each of the cell types and tissues were selected
as previously described (16, 20, 26).

Pathway Analysis

To investigate potential relationships among the expressed
genes, an analysis of upstream regulators was performed

using the Ingenuity Pathway Analysis program (Qiagen,
Redwood City, CA). This in silico analysis is based on prior
knowledge of expected effects between transcriptional regula-
tors and their target genes stored in the Ingenuity Knowledge
Base as we have previously described (16, 20).

RESULTS

RNAQuality from Exfoliome versus Tissue

RNA quality was assessed via Bioanalyzer for bothmucosa
and intestinal stool contents. The mean RNA integrity num-
ber (RIN) frommucosa was 9.3 (range, 7.9–10) and 7.4 (range,
5.7–8.7) from AC and DC stool contents. RNA samples from
IL contents had a mean RIN <5 and were therefore excluded
from further analysis. Representative bioanalyzer traces
from RNA isolated from piglet mucosa (18S and 28S rRNA)
and AC and DC contents (16S and 23S rRNA) are shown in
Supplemental Fig. S1 (see https://doi.org/10.6084/m9.figshare.
13473801). The AC and DC stool content profiles are consist-
ent with our previous findings (16), indicating an abun-
dance of bacterial RNA. Therefore, we included an oligo
dT probe in the first step of library construction for the
purpose of selectively targeting host (piglet) transcripts for
cDNA production and subsequent library construction. In
total, 15,523 eukaryotic genes (including protein coding
genes, ribosomal RNA, small nucleolar RNA, microRNA
and other long non-coding RNAs) were analyzed from IL
(n = 7), AC (n = 8), and DC (n = 7–8) samples. A detailed
description of the initial and ending read-counts per sam-
ple type at major steps along the analytical RNA-Seq data
pipeline is shown in Supplemental Fig. S2 (see https://doi.
org/10.6084/m9.figshare.13473819).

Comparison of Gene Expression in Intestinal Mucosa
and the Exfoliome

Sequencing of the samples revealed that reads for IL
mucosa, AC mucosa, DC mucosa, and exfoliated cells from
the AC and DC mapped to an average of 12,925, 12,902,
13,018, 10,647, and 10,179 genes per sample, respectively
(Table 1).

As previously shown (15), some exfoliated cell transcripts
consisted of hundreds of reads that accumulated in a narrow
region in or close to the 30-UTR (e.g., AQP8, FABP2, HMGCR).
However, full exonic coveragewas also observed in select genes
(e.g., RBP2 and SLC20A1). Representative genomic datasets are
provided in Supplemental Fig. S3 (see https://doi.org/10.6084/
m9.figshare.13473816), Supplemental Fig. S4 (see https://doi.

Table 1. Total number of sequences and assigned genes in mucosa and luminal contents of 22-day-old formula-fed
piglets

Mucosal Tissue Luminal Contents (Exfoliome)

IL AC DC AC DC

Sequencing reads� 33,928,174 ± 16,888,897 26,941,595 ±9,668,556 32,749,474 ± 13,566,353 63,446,871 ± 8,391,442 54,539,162 ±5,269,020
Reads mapped per sample† 32,270,088 ± 16,003,942 25,673,809 ±9,409,321 31,175,002 ± 12,926,952 26,295,112 ± 17,378,726 17,338,860 ± 11,885,168
Genes mapped per sample‡ 12,925 ± 376 12,902 ±245 13,018 ± 244 10,647 ± 908 10,179 ± 1,122

Means ± SD (standard deviation). SD was calculated for 7–8 samples for each location and data source. AC, ascending colon; DC, descending colon; IL, il-
eum. �Number of reads from FASTQ file. †Number of reads mapped per sample represent the number of mapped (at least once and mul-
tiple locations not more than 10) to the reference genome. ‡Number of genes mapped per sample represent the number of genes that
have at least one raw count.
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org/10.6084/m9.figshare.13473795), and Supplemental Fig. S5
(see https://doi.org/10.6084/m9.figshare.13473804).

Comparisons of global gene signatures of exfoliated cells
from the two colonic sites (AC and DC) and the mucosa pro-
files from three regions (ileum, AC and DC) in the intestine
versus exfoliated cells from DC are shown in Fig. 1. Only
genes having more than three raw counts in more than half
of the samples in each group were classified as expressed/de-
tectable. A total of 5,541 genes were detected in exfoliated
cells in both AC and DC, accounting for 81.6% and 93.8% of
genes in AC exfoliome and DC exfoliome, respectively (Fig.
1A). The intersection of detected genes in the DC exfoliome
and three mucosa regions were calculated (Fig. 1, B–D).

The intersection of detected genes between the three mu-
cosa regions and DC exfoliome indicated an �99% overlap
(Fig. 2). On average, 49% of the genes in each of the tissue
mucosa samples were represented in the exfoliome samples.
Specifically, 49.2% of genes in the ileal mucosa were

represented in DC exfoliome samples, 49.5% of the genes in
AC mucosa were represented in DC exfoliome samples, and
48.4% of genes in the DC mucosa were represented in DC
exfoliome samples. According to our computational pipeline
depicted on Supplemental Fig. S2, we performed a filtering
step before examining gene expression of the host exfoliome
and mucosal regions. When examining the Sus scrofa 11.1 ge-
nome, we detected 25,880 unique Ensembl gene IDs. Among
these, there were 8,256 gene IDs without a gene name and
2,104 gene IDs where two or more had the same gene name.
We attributed these issues to the pig genome not being anno-
tated as well as the human or mouse genomes. As a result of
these considerations, 15,523 genes that passed the filtering
step were used for the computational pipeline subsequent
steps. Data filtering was followed by a normalization step
using the upper quartile method. Because the raw data
counts in the mucosal samples were markedly higher than
those from the exfoliome, we normalized the mucosal data
separately from the exfoliome data. The distribution of raw
counts and normalized counts per sample are plotted in
Supplemental Fig. S7 (https://doi.org/10.6084/m9.figshare.
14379014). In the following step, we determined that 5,789
out of those 15,523 genes were simultaneously detected in
the DC exfoliome and all mucosa regions. A principal com-
ponent analysis (PCA) plot using normalized counts of 5,798
genes is shown in Fig. 3. PCA clearly separated mucosa sam-
ples from exfoliome samples as well as ileum from colon (AC
and DC) samples. In addition, to evaluate correlations
between the datasets (IL mucosa, AC mucosa, DC mucosa,
AC exfoliome, and DC exfoliome), normalized data were
averaged across 7–8 samples per dataset and scatter plots
including the estimation of the correlation trends reported
in Fig. 4.

Identification of Anatomical and Cell-Type Source of
Transcripts

Next, the anatomical origin of the transcripts expressed in
the exfoliome was investigated (Fig. 5). Genes expressed pre-
dominantly in specific anatomic regions of the gastrointesti-
nal tract (stomach, pancreas, small intestine, colon) were
detectable in exfoliated cells (Fig. 5A). In addition, the types

Figure 2. Venn diagrams representing the intersection of detectable
genes in each region of colonic mucosa and exfoliated cells from the de-
scending colon (DC). Genes having >3 raw counts in >50% of the sam-
ples in each group were classified as expressed/detectable. A total of
5,798 genes were detected in all three intersections, accounting for more
than 99% of the genes in each region.

Figure 1. Venn diagrams representing detectable genes in
exfoliated cells and each region of the colonic mucosa.
Genes having >3 raw counts in >50% of the samples in
each group were classified as expressed/detectable. 5,541
genes were detected in exfoliated cells from both ascend-
ing colon (AC) and descending colon (DC) (A); 5,836 genes
were detected in IL mucosa and DC exfoliome (B); 5,827
genes were detected in both AC mucosa and DC exfoliome
(C); and 5,852 genes were detected in both DC mucosa
and DC exfoliome (D). A total of 10,000 genes were
detected in the exfoliome with a minimum cut off of a single
read. Of these, only those genes with at least three counts
in more than 50% of the samples were utilized for down-
stream analyses.
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of intestinal cells represented in the exfoliome were identi-
fied using marker genes known to be exclusively or highly
expressed in certain cell types (stem cells, Goblet cells, etc.).
Markers for all intestinal epithelial cell types were expressed
in either AC or DC exfoliome, or both (Fig. 5B), indicating
that the exfoliome represents a diverse array of cell types
arising from both the small and large intestine.

Functional Signatures

To investigate the potential functional signatures of mu-
cosal and exfoliated cell transcriptomes, we compared
mapped genes in the IL and DC mucosal and DC exfoliome
to genes previously identified in human and rodent intesti-
nal cells by Wang et al. (27). Heat maps showing the average
counts of each gene class across the three samples (IL and
DC mucosa and DC exfoliome) are shown in Fig. 6. Genes
associated with lipid, bile acid, vitamin, water, amino acid,
inorganic solute, organic solute, sugar, metal ion, and nucle-
otide absorption are shown in Fig. 6A. Among the genes
involved in nutrient absorption and transport, only 13% (16
of 121) of the genes queried in IL or DC mucosa were not
detected in the exfoliome. In some cases, genes were
strongly expressed in all three datasets, including HMG-CoA
reductase (HMGCR) and aquaporin-8 (AQP8). Importantly,
several genes that were expressed in the IL mucosa, but not
in the DC mucosa, were detected in the exfoliome, including
fatty acid binding protein2 (FABP2), ATP binding cassette
subfamily Gmember 5 (ABCG5), and vanin 1 (VNN1).

The average expression level of genes linked to specific
hormones produced by enteroendocrine cells is shown in
Fig. 6B. Expression of the majority (9 of 12) of the queried
genes was detected in the exfoliome. Regional differences in
mucosal expression were observed for several genes (CCK
and GIP), which were expressed in the IL mucosa, but not
DC mucosa or DC exfoliome. Several genes (INSL5, PYY, and
TAC1) were most highly expressed in the DC mucosa and

were also present in the DC exfoliome. Interestingly, the
expression of amphiregulin (AREG) was higher in the DC
exfoliome relative to mucosal sites. Lastly, only one of the 23
immune-related genes queried was not detected in the DC
exfoliome (Fig. 6C). A heatmap of signature genes for goblet
cells is shown in Supplemental Fig. S8 (see https://doi.org/
10.6084/m9.figshare.13473807). Two genes commonly asso-
ciated with goblet cells, trefoil factor 3 (TFF3), and regenerat-
ing family member 4 (REG4) were detected in IL and DC
mucosa and DC exfoliome in all piglets.

Analysis of Predicted Upstream Regulators

Ingenuity IPA Upstream Regulator Analysis was used to
identify the potential upstream regulators responsible for
gene expression in the experimental dataset (28). A total of
121 upstream regulators were identified that were enriched
in the dataset (P value of overlap) and for which a mechanis-
tic network could be formed (Supplemental Table S1; see
https://doi.org/10.6084/m9.figshare.14379002). For this pro-
cess, the number of genes that are downstream from regula-
tors in the network were identified. Since we did not have a
treatment comparison, we could not predict whether the
upstream regulators were activated or inhibited. In IPA,
a mechanistic network, is a plausible set of connected
upstream regulators that can work together to elicit the
gene expression observed in a dataset. The regulators rep-
resented a variety of molecule types, including transcrip-
tion factors, cytokines, growth factors, enzymes, G-
protein coupled receptors, kinases, and micro RNA. The
top 15 upstream regulators sorted by numbers of genes in
the mechanistic network are listed in Table 2 and their
downstream target molecules are shown in Supplemental
Table S1. In addition, a number of microRNA (miRNA)
were identified (Supplemental Table S1).

Potential regulators included cytokines [tumor necrosis
factor (TNF), interleukin (IL)-1B, IL-2, IL-4, and IL-6], hor-
mones and growth factors [insulin-like growth factor-I (IGF-
I), epidermal growth factor (EGF), insulin, leptin (LEP), trans-
forming growth factor-B1 (TGFB1), and nuclear receptors for
glucocorticoids (NR3C1) and estrogen (ESR1)]. Transcription
factors previously associated with the regulation of intestinal
gene expression were identified, including signal transducers
and activators of transcription (STAT) -1, -3, -5A, and -6,
CCAAT enhancer-binding protein (CEBP)-a and -b, andWNT-
3a and 4 (Supplemental Table S1).

The IPA Path Designer Graphical Representation was
used to generate figures of relationships between the two
upstream regulators of genes, TNF and LEP, and their poten-
tial down-stream targets (Fig. 7). These were selected based
on the statistical strength of the proposed relationships (P
value of overlap) and richness of the mechanistic networks.
Potential cross-talk between TNF and LEP is also apparent as
both TNF and LEP are linked to INS (Fig. 7A) and LEP is
linked to TNF (Fig. 7B). In addition, they are linked to other
potential upstream regulators identified in Table 2, includ-
ing IL-6, EGF, IL-1B, NR3C1, and ESR1. In these figures, solid
and dashed lines represent stimulatory and inhibitory rela-
tionships, respectively. The majority of relationships for
TNF and LEP are proposed to be inhibitory, with the excep-
tion of LEP signaling to the leptin receptor (LEPR) (Fig. 7B).

Figure 3. Principal component analysis plot showing visual clustering of
ileal mucosa, colon mucosa (ascending colon, AC and descending colon,
DC), and exfoliome data (contents from AC and DC). All mucosa and exfo-
liome data were normalized separately using the upperquartile method
for 5,798 genes, with a data dimension of 38 by 5,798. A similar gene
expression profile was observed between AC and DC, but was distinct
with respect to the ileal location and between the mucosa and exfoliome.
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DISCUSSION

The gastrointestinal tract is a complex organ comprised
on numerous cell types that coordinate signals from the
environment to the host. For example, epithelial cells form a
barrier between the luminal contents and the host and also
digest and absorb nutrients. Enteroendocrine cells sense
luminal contents and secrete hormones that coordinate di-
gestive processes and communicate with the brain to signal
hunger and satiety. Lastly, multiple immune cells types are
responsible for responding to signals from commensal and
pathogenic microbes and for inducing tolerance to allergens
(27). Intestinal growth and functional maturation and muco-
sal immune development are influenced by diet and signals
from the microbiota (6, 10, 12). However, assessing these
processes over time, as well as, in responses to dietary, prebi-
otic or probiotic interventions has been hampered by the ab-
sence of sensitive, noninvasive approaches to monitor gut
function. This is particularly true for healthy infants, in
which sampling of intestinal tissue would be unethical (12).
To overcome this challenge, we have demonstrated the feasi-
bility of measuring transcriptomic profiles of intact sloughed
epithelial cells in the stool of term (13) and preterm human
infants (15) as a noninvasive approach to identify putative
molecular biomarkers of dietary and developmental effects
onmaturation of intestinal function.

A limitation of our prior work was that the precise origin
of exfoliated cells was not defined. Based on the presence of
mRNA for genes associated with discrete epithelial cell types
in the exfoliome, such as lactase and sucrase-isomaltase

(absorptive enterocytes), chromogranin A (enteroendocrine
cells), and lysozyme (paneth cells), we proposed that the
exfoliome contained transcriptomic signatures of both the
small and large intestinal cells (13). Further evidence from
our laboratory obtained from adult mice (16) and horses (29)
indicated that transcriptional signatures from the small in-
testinal mucosa were present in the fecal exfoliome. Based
on these observations, the goal herein was to compare the
transcriptome of exfoliated cells present in the AC and DC
contents with that of the underlying mucosa obtained from
the IL, AC, and DC of piglets. We hypothesized that genes in
the transcriptome of exfoliated cells in the DC would include
gene signatures of mucosa in more proximal regions of the
gut.

Consistent with our previous observations (15, 16), tran-
scripts from the exfoliome accumulated in or close to the 30-
UTR, providing sufficient length reads to identify gene sig-
natures. The average numbers of genes detected in the AC
and DC contents (�10,300 genes) was not markedly less than
that observed in the IL, AC, and DC mucosa (12,950 genes).
Over 5,500 genes were present in both the AC and DC exfo-
liome, representing 81.6% and 93.8% of total genes in these
two regions, respectively. In addition, 49.2%, 49.5%, and
48% of the IL, AC, and DC mucosal genes were detected in
the DC exfoliome, supporting our hypothesis that the fecal
host transcriptome in the DC carries molecular signatures of
cells exfoliated inmore proximal regions of the gut.

To further test our hypothesis, we sought to identify the
anatomical origin of transcripts present in the exfoliome
using marker genes known to be exclusively or highly

Figure 4. Pairwise scatter plots of log(2) transformed aver-
aged normalized counts across 7–8 samples for each data-
set. Three mucosa sources were compared: Ileum (IL),
ascending colon (AC) and descending colon (DC), and the
exfoliome from AC and DC contents. A strong and signifi-
cant correlation between mucosa sites and to a lesser
extent between mucosa sites and the exfoliome was
observed. The log(2) transformed data was calculated as
log2(averaged normalized counts þ 1).
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expressed by specific cell types. The AC and DC exfoliome
signatures mapped predominantly to markers of small intes-
tine and large intestinal cells, with fewer markers from the
stomach or pancreas, which is consistent with our previous

findings (15, 16). As expected, all genes associated with the
small intestine were strongly expressed in the ILmucosa and
to a lesser degree in the AC and DCmucosa. A number of the
small intestinal genes were detected at higher levels of

Figure 5. Heatmaps of genes counts from each sample and each data source. The exfoliome signature arises from cells sloughed from both the small
and large intestine. Counts were normalized for all tissue and exfoliome data using the upperquartile method. A: genes reported to be primarily
expressed at specific anatomic locations (stomach, pancreas, small intestine, colon). B: cell-specific genes.
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expression in the AC and DC exfoliome. In particular, FABP2
was strongly expressed in the AC and DC exfoliome, with low
or undetectable levels in the AC and DCmucosa. This obser-
vation suggests that the source of the signal was generated
from cells exfoliated in the IL rather than from the underly-
ing mucosa in the colon. FABPs are the most abundant cyto-
plasmic proteins in the small intestine and play pivotal roles
in intestinal lipid transport. FABP2 (I-FABP) expression is
highest in the distal half of small intestine. FABP2 shows a
preference for transporting saturated long-chain fatty acids,
but targeted gene deletion of the FABP2 gene in rodents
results in sexually dimorphic metabolic disturbances and
changes in gene expression, supporting broader roles for this
protein (30). During tissue injury, FABP-2 is released and can
be measured in the serum and urine and has been proposed
as a luminally expressed biomarker of intestinal injury (31,
32). Previous studies have shown that I-FABP may be a
valid and promising serologic biomarker for early diagno-
sis of necrotizing enterocolitis (NEC) in preterm infants.
Prospective clinical trials have shown that both plasma
and urinary I-FABP levels specifically identify NEC in pre-
term infants before appearance of diagnostic radiological
signs suggestive for NEC (33). Moreover, serial I-FABP
measurements accurately predict development of compli-
cated disease (33) and concentrations of I-FABP in plasma
and urine at the onset NEC have been correlated with the
length of intestinal resection during laparotomy (34).
Overall, a recent meta-analysis reported that I-FABP is a
valid serologic biomarker for early diagnosis in NEC for pre-
mature neonates with a moderate accuracy (35). Although it
remains to be demonstrated, we propose that measurement
of I-FABP mRNA expression in the fecal exfoliome may be a
clinically relevant early biomarker of risk of NEC.

Wewere also interested in probing for biomarkers of intes-
tinal function in the exfoliome using gene lists generated by
Wang et al. (27). These investigators utilized single-cell RNA-
seq analyses of 14,537 epithelial cells surgically obtained
human ileum, colon, and rectum. We found that 87% of the

121 genes reported to be involved in nutrient absorption and
transport were detected in the exfoliome. In addition to
FABP-2, other genes were present in the DC exfoliome and IL
mucosa, but not DC exfoliome. Furthermore, most of the
genes for hormones expressed by enteroendocrine cells
(75%) and nearly all (95%) of the immune genes probed were
present in the exfoliome. Taken together, the high level of
coverage of genes identified in human intestinal samples,
the detection of regional differences in mucosal gene expres-
sion, and specificity of gene expression in the mucosa versus
the exfoliome provides strong evidence that the fecal tran-
scriptome provides insight into transcriptional activity in
both the small and large intestine.

Finally, we sought to identify potential upstream regulators
responsible for gene expression in the experimental dataset.
Over 100 putative upstream regulators were enriched in the
dataset and for which a mechanistic network could be formed.
As expected, key transcription factors that regulate intestinal
gene expression were identified, including STAT-1, -3, -5A, -5B
and -6, CEBP-a, CEBP-b, and WNT-3a and 4 (36). STATs are a
family of latent cytoplasmic transcription factors that convey
signals from numerous cytokines and growth factors to the nu-
cleus (37). Both STAT1 and STAT3 are important regulators of
genes that are involved in cell survival (BCL-x, survivin, cas-
pases) and cell proliferation (c-Myc, p21, cyclin D1), their dereg-
ulation significantly impacts the homeostasis of intestinal
tissues (38). The C/EBP transcription factor family is involved
in intestinal differentiation. Both CEBP-a and -b are localized
to intestinal epithelial cells. CEBP-a is mainly found in the
crypts, whereas CEBP-b in present in both villi and crypts (39).
In rodents, there is a surge of intestinal expression of CEBP-a
in the late fetal phase �24 h before morphological maturation
and the onset of expression of numerous epithelial genes (40).
However, morphological development, cellular proliferation,
or the onset of expression of a cluster of epithelial mRNAs
expression were unaffected in CEBP-a null mice (41), suggest-
ing that CEBP-a has no essential role. Since other C/EBP iso-
forms are present in the developing intestine, it is possible that

Table 2. Top 15 upstream regulators of genes detected in mucosa and exfoliated intestinal epithelial cells predicted
from mechanistic network analysis conducted in ingenuity pathway analysis

Upstream Regulator Molecule Type P Value of Overlap� Mechanistic Network A(B)†
TNF Cytokine 4.39 � 10�09 126 (21)
IGF1 Growth factor 9.67 � 10�07 118 (18)
IL-6 Cytokine 3.73 � 10�07 119 (21)
EGF Growth factor 5.44 � 10�05 108 (16)
Insulin Group 3.24 � 10�6 106 (19)
IL-1B Cytokine 5.49 � 10�08 103 (15)
LEP Growth factor 2.81 � 10�13 102 (21)
HNF1A Transcription regulator 3.58 � 10�07 100 (18)
P38 MAPK Group 6.26 � 10�03 99 (18)
NR3C1 Ligand-dependent nuclear receptor 2.21 � 10�06 98 (9)
IL-4 Cytokine 4.48 � 10�04 95 (14)
IL-2 Cytokine 2.82 � 10�04 94 (18)
TGFB1 Growth factor 3.85 � 10�04 93 (14)
ESR1 Ligand-dependent nuclear receptor 1.09 � 10�08 91 (10)

ESR1, estrogen; IGF, insulin-like growth factor-I; IL-1B, interleukin 1B; LEP, leptin; NR3C1, nuclear receptors for glucocorticoids;
TGFB1, transforming growth factor-B1; TNF, tumor necrosis factor. �Overlap P value indicates whether there is a statistically significant
overlap between the dataset genes and the genes regulated by a transcription factor using Fisher’s exact test. †Mechanistic network
value is a list plausible sets of connected upstream regulators that can work together to elicit the gene expression changes observed in a
dataset. The value shown as A (B) in which A is the genes that are downstream from regulators (B) in the network. For more information,
see: https://qiagen.secure.force.com/KnowledgeBase/KnowledgeIPAPage?id=kA41i000000L5lzCAC.
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there is a generic requirement for a member of the C/EBP
family.

The Wnt/b-catenin pathway plays a crucial role in devel-
opment and renewal of the intestinal epithelium (36).
Mariadason et al. (42) used DNA microarrays to query epi-
thelial cell gene expression along the crypt-villus axis in
mice. The set of 1,113 differentially expressed genes was sig-
nificantly enriched for genes involved in cell cycle progres-
sion, RNA processing, and translation (downregulated as
cells migrate up the crypt) and genes involved in cytoskel-
eton assembly and lipid uptake (upregulated during matu-
ration). They confirmed that Wnt signaling was maximal
in the proliferative compartment (42). In a subsequent
study, the same group reported a significant correlation
observed between overall proteomic changes and corre-
sponding gene expression changes along the crypt-villus
axis, indicating intestinal cell maturation is primarily regu-
lated at the transcriptional level (43).

Of all of the potential upstream regulators identified, the
cytokine TNF-a showed the highest P value of overlap and
formed the strongest network of connected upstream regulators

that can work together to elicit the gene expression changes
observed in our dataset, with 126 potential downstream tar-
gets. This was somewhat surprising since these samples were
obtained from healthy piglets and TNF-a is typically associ-
ated with inflammation. However, recent data suggest that
TNF participates in pleiotropic activities with implications in
various cellular processes, including proliferation and differ-
entiation (44). Moreover, an anti-inflammatory role of TNF,
primarily via the induction of local glucocorticoids synthesis
in the intestinal epithelium has been reported (45). Thus, the
outcome of TNF receptor (TNFR) signaling largely depends
on various factors, e.g., the tissue receptor composition
TNFR1 versus TNFR2 and the precise cellular context or tissue
type, which will determine cellular fate (46). As shown in
Supplemental Table S1, some of the downstream targets of
TNF-a were related to inflammation and apoptosis (e.g., cas-
pases, cytokines), others weremarkers of cellular proliferation
(e.g., BMP2, SMAD1) and differentiated function, including
glucose (SLC2A2), sodium (SCNN1A, SCNN1B), amino acid
(SLC1A4), and short-chain fatty acid (SLC16A5) transporters.
Thus, additional research in regard to the potential

Figure 7. Mechanistic networks of relationships between potential upstream regulators of genes identified in mucosa and exfoliated epithelial cells for
tumor necrosis factor (TNF; A) and leptin (LEP; B). Molecules are represented as nodes, and the biological relationship between two nodes is repre-
sented as an edge (line). All edges are supported by at least one reference from the literature or from canonical information stored in the Ingenuity
Knowledge Base.
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pleiotropic effects of TNF-a in the developing intestine is
warranted.

In conclusion, the intestinal epithelium represents a com-
plex combination of specialized cellular components, struc-
tural organization, as well as fine-tuned maintenance and
renewal mechanisms that ensure its barrier and absorptive
function (47). The well-being of the gut is intrinsically linked
to the overall nutritional status and health of the host, and
perturbations to this homeostasis can have severe impact on
local and systemic health (48). However, the lack of noninva-
sive approaches to repeatedly access intestinal tissue along
the GI tract has hampered our ability to study normal gut de-
velopment or assess clinical responses to dietary or medical
interventions. Exfoliation of �10 billion intestinal epithelial
cells from the villus tips in the small intestine and crypt sur-
face in the colon is an active biochemical process linked to in-
testinal epithelial homeostasis (29). This vast reservoir of host
cells generated by exfoliation has sparked interest from both
basic and clinical translational investigators due to their
potential utility to noninvasively assess cellular markers of
gastrointestinal disease (12). Our data demonstrate for the first
time that the complement of exfoliated cells present in stool
reflects mRNA signatures of cells originating from both the
proximal and distal bowel. In addition, markers of numerous
epithelial cell types may provide insight into intestinal func-
tion. Application of this technique would enable researchers
and clinicians to assess gut gene expression within an individ-
ual before initiating an intervention, at the end of the inter-
vention, and following a washout. Our research group has
also shown that genomic data from both the host mucosa and
gut microbiota can be integrated in order to define host gene-
diet interactions within the context of the structure and oper-
ations of gut microbial communities (14). In the future, we
anticipate that the fecal exfoliome could also be used to per-
sonalize nutritional and medical interventions based on an
individual’s gene signature andmicrobiome.
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