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Abstract

PURPOSE: Preterm infants are susceptible to unique pathology due to their immaturity. Mouse
models are commonly used to study immature intestinal disease including necrotizing enterocolitis
(NEC). Current NEC models are performed at a variety of ages, but data directly comparing
intestinal developmental stage equivalency between mice and humans are lacking.

METHODS: Small intestines were harvested from C57B1/6 mice at 3—4-day intervals from birth
to P28 (n=8 at each age). Preterm human small intestine samples representing 17-23 weeks of
completed gestation were obtained from the University of Pittsburgh Health Sciences Tissue Bank,
and at term gestation during reanastamoses after resection for NEC (n=4-7 at each age).
Quantification of intestinal epithelial cell types and mRNA for marker genes were evaluated on
both species.

RESULTS: Overall, murine and human developmental trends over time are markedly similar.
Murine intestine prior to P10 is most similar to human fetal intestine prior to viability. Murine
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intestine at P14 is most similar to human intestine at 22—-23 weeks completed gestation, and P28
murine intestine is most similar to human term intestine.

CONCLUSION: Use of C57BL/6J mice to model the human immature intestine is reasonable,
but the age of mouse chosen is a critical factor in model development.

Introduction

Global studies estimate that 15 million infants are born prematurely each year, and one
million die as a direct result of their prematurity, making preterm birth the leading cause of
mortality for children less than 5 years of age(l). Preterm infants are unique due to the
immaturity of their organ systems, which leaves them highly susceptible to developing
unique disease processes(2, 3). We seek to understand the role of intestinal immaturity
during necrotizing enterocolitis (NEC) development, which remains one of the leading
causes of death in premature infants(2, 3). Despite this significant morbidity and mortality,
NEC is poorly understood and the precise etiology is still undefined. Because of this, animal
models are required to study NEC and have played a critical role in our understanding of the
disease to date(4), allowing for mechanistic studies of different biochemical pathways,
specific cellular receptor signaling, and measurement of intestinal permeability which are
technically difficult or impossible to study in humans(4).

Since the 1980s, several NEC mouse models have been proposed. Jilling used mice
delivered via cesarean section at e20-21, which were exposed to hypoxia and formula
feeding on postnatal day 0 (P0)(5). Halpem(6) used hypoxia and formula feeding beginning
on P3 to induce NEC-like pathology. More recently, several laboratories have used hypoxia
and formula feeding along with human NEC-associated microbial dysbiosis on P7-8 to
induce NEC-like injury(7). MohanKumar induced NEC-like disease in P10 mice following
TNBS exposure(8), and the McElroy laboratory has induced NEC-like injury in P14-16
mice by disrupting Paneth cells followed by enteral gavage of bacteria(9). While all these
models produce phenotypes that are similar to the intestinal injury seen in human preterm
infants with NEC, the wide variety of ages at which the models are performed is a potential
confounding factor. This is important as the murine small intestine undergoes significant
developmental changes from birth through 21-28 days of life(10). Furthermore, while mice
are commonly used to model NEC, data comparing mouse intestinal developmental stages to
equivalent developmental stages in the preterm human are lacking. Previous studies have
attempted to compare development of murine and humans via comparison of microscopy,
microbiomes, immunological components, and some specific small intestine enzymes (11—
13). However, to date, no study has investigated a direct comprehensive comparison of
murine and human small intestinal epithelium with the goal of defining equivalent
developmental stages in mice and the preterm human. This is critical as NEC incidence is
developmentally regulated, occurring primarily between 28 and 34 weeks of corrected
gestational age(14) in humans. Our objective was to compare markers of intestinal epithelial
development in both mice and humans, to better understand the gestational age in a mouse
that corresponds to NEC susceptibility in humans. Our hypothesis is that a greater portion of
intestinal development occurs during the post-natal period in mice compared to humans,
with P14 mice most similar to preterm infants of 24 weeks gestation.
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All animal experiments were performed according to protocols approved by The University
of lowa IACUC. C57BL/6J mice whose founders were purchased from Jackson
Laboratories, were housed under standard conditions in an AAALAC-approved vivarium.
Small intestines were harvested from C57B1/6J mice at postnatal days (P)I, 5, 7, 10, 14, 17,
21, 24, and 28 (n=8 per group).

Murine small intestine tissue samples were paraffin-embedded and sectioned at 5 4m then
stained with anti-chromogranin A (enteroendocrine cells), or Alcian blue/Periodic Acid
Schiff (goblet and Paneth cells)(15). Intestinal epithelial cells were manually quantified at
20X magnification per 100 epithelial cells, with greater than or equal to 1000 epithelial cells
counted per mouse intestine, except for Paneth cells which were manually quantified at 40X
as Paneth cells per crypt, with greater than or equal to 300 crypts counted per mouse
intestine.

Gene expression (Table 1) was quantified as previously described(9, 16) and primers are
listed in Table 2. Fold change in gene expression was determined by normalizing gene
expression to B-actin (stable in mouse intestinal tissues from P1-P28).

Premature human intestine was obtained from the Health Sciences Tissue Bank with
approval from the University of Pittsburgh Institutional Review Board (IRB, Protocol
number PR014100537) and in accordance with their anatomical tissue procurement
guidelines. Deidentified term control samples were obtained from infants undergoing post
necrotizing enterocolitis re-anastomosis (n of 4-7 for all ages) with a waiver of consent and
approval of University of Pittsburgh IRB (PRO 14070508).

Human samples were paraffin embedded, sectioned at 5 ym and stained for the following:
goblet cells with muc2 (H-300, Santa Cruz), Paneth cells with lysozyme C (C-19, Santa
Cruz), and enteroendocrine cells with Chromogranin A (Abeam) as previously
described(17). Confocal microscopy images were obtained (Leica SP8 microscope) and
assembled in Volocity software (Perkin EImer). Images were analyzed by a blinded team
member to quantify the number of enteroendocrine, and goblet cells per villus and Paneth
cells per crypt.

Quantification of MRNA levels of specific genes (Table 1) was performed with quantitative
real-time PCR using the Bio-Rad CFX96 Real-Time System(17). Samples were analyzed
similarly as above, with equivalent human primers (Table 2). Fold change in gene expression
was determined by normalizing to the housekeeping gene RPLO (stable in human tissue
samples across ages sampled).

Pediatr Res. Author manuscript; available in PMC 2019 December 27.
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Statistical analysis

Statistical analysis was performed using AA-CT as described(9). Statistical significance
(p<0.05) was determined via ANOVA and appropriate tests of multiple comparisons using
GraphPad Prism 8.

To directly compare relative development of the small intestine between murine and human
samples, each age was assigned a relative time point. In mice, P1 was assigned to relative
time point 1, P5 to relative time point 2, continuing through P28 which was assigned to
relative time point 9. In humans, 17 weeks completed gestation was assigned to relative time
point 1,18 weeks completed gestation was assigned to relative time point 2, continuing
through term which was assigned to relative time point 8. To compare, each species at each
time point was assigned a relative percentage of the maximum fold change detected.
Comparison of the two trends was determined with linear regression changes over time.

To determine age-specific comparison trends, a dissimilarity matrix was created using
XLSTAT 2017 (Addinsoft, Paris, France) to further compare clustering based on gene
expression patterns with increasing age between neonatal mice and humans. To determine
each age point in the matrix, the relative percentage of the maximum fold change for each
individual sample for all genes examined at that age were averaged into a single number.
Principle coordinate analysis (PCoA) was performed based on the dissimilarity matrix
produced. Additionally, the relative percentage of the maximum fold change determined
from above was plotted to their actual developmental time points (days in murine samples
and weeks in human samples). An XY analysis was performed in GraphPad Prism to smooth
the developmental curves. Murine and human plots were overlapped to describe the
developmental stage similarities between the two species. Hashed lines were drawn to
visually connect time points between mouse and human developmental stages.

Results

Comparison of genes involved in homeostasis:

The intestinal epithelium is in a constant state of turnover, and the immature small intestine
experiences vast increases in surface area growth during development. Thus, we examined
genes involved in regulation of proliferation (human MK/67and murine Mki67 which code
for Antigen Ki-67), apoptosis (human BAXand BCLZ, and murine Baxand Be/l), and
intestinal stem cell homeostasis (human LGR5and BM/1, and murine Lgr5and Bmil which
code for Leucine-rich repeat-containing G-protein coupled receptor 5 and Polycomb
complex protein BMI-1, respectively) (Figure 1). Murine expression of Mki67 significantly
decreases from birth through P28, while no significant changes were seen in MK/67during
human development. However, when comparing the relative trends over time, there were no
significant differences between the two species. Murine and human ratios of the expression
of BAXand BCL 2 stayed constant during intestinal development and showed no differences
when comparing the trends over time. Murine expression of Lgr5 significantly increased
from birth to P10 and significantly decreased back to embryologie levels by P28. In contrast,
human LGR5 levels showed a trend towards decrease over time that became significant at
term. When comparing murine and human expression trends over time, there were no
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significant differences between species. Murine expression of Bm/Z remained relatively
stable through P14 before decreasing significantly. No significant differences were seen in
BM/1 during human development. When comparing the developmental trends,

only BM/1showed significant differences between mice and humans (p=0.0029).

Comparison of ErbB genes:

Since the ErbB receptor tyrosine kinases play an integral role in epithelial biology of the
small intestine, we next quantified mRNA levels for all four family members in murine and
human tissues (Figure 2). Murine Egfr (also known asErbBJ) showed a steady and
significant decrease in expression from P7 to P28. This was not seen in the human tissues,
and when comparing the two species, there were significant differences in EGFR expression
trends during development (p=0.0008). Murine Erbb2and Erbb3 declined in expression
through P24 before returning to embryonic values on P28; in contrast, human tissues showed
no significant changes in either over time. When comparing the developmental trends of
ERBBZand ERBB3 expression, no significant differences were seen between the two
species. Mouse Erbb4 was largely undetectable until P17 when it became elevated to 100
times the embryonic level at P28. While this same dramatic increase was not seen with
human £RBB4, mouse and human expression trends did not significantly differ.

Comparison of structural genes:

To examine the structural components of the intestinal epithelium, we quantified mMRNA
levels of the cellular adhesion molecule E-cadherin, and the tight junction components ZO-1
and Occludin (Figure 3). Murine Cdh1 (codes for E-cadherin) increased modestly but
significantly from birth to P10 and decreased through adulthood back to newborn levels,
while human tissue expression of CDHZ stayed constant during development. Murine 7jp/
(codes for ZO-1) expression showed modest but significant decreases from birth through
adulthood while human 7JP1 showed a non-significant trend of increasing expression.
Murine Ocin (codes for Occludin) expression showed similar patterns of decrease from P5
through adulthood as 7jpZ. Human OCLN expression reached a significant peak at 18 weeks
of gestation and similarly decreased toward term gestation. When comparing the
developmental trends, only 7JPZshowed significantly different patterns between mice and
humans (p<0.0001).

Comparison of epithelial cell specific genes:

We next quantified expression of several epithelial cell type-specific genes (Figure 4).
Murine Chga (codes for Chromagranin A, a specific marker of enteroendocrine cells)
expression stayed constant through the first two weeks of life before becoming significantly
decreased at P24 and P28, while human CHGA levels remained stable throughout
development. Murine Dc/k/ (codes for serine/threonine-protein kinase DCKL1, a specific
marker of tuft cells) expression was stable from birth to P28, except for significant decreases
in expression at P17 and P21. Human DCLK1 expression varied greatly in 17-and 18-week
gestation tissues, but also exhibited stable expression during development. Murine Gp2
(codes for Pancreatic secretory granule membrane major glycoprotein GP2, a specific
marker of M cells) significantly increased over time reaching an average of 4 times the
embryonic levels by P28; however, there was marked variability in expression levels
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between individual mice. Human GPZ2also had marked sample variability but remained
stable throughout development. When comparing the developmental trends, only GP2
showed significant differences between murine and human developmental patterns
(p=0.0011). Muc2 (codes for murine Mucin 2, specific to goblet cells) was stably expressed
from birth to P14 and decreased until becoming significantly lower than embryonic values at
P28. MUC?Z (codes for human Mucin 2) remained stable over time. 7//3(codes for murine
Trefoil factor 3 in goblet cells) increased over time, becoming significantly higher than
embryonic levels at P28. 7F/F3 (codes for human Trefoil factor 3) also increased over time,
although not significantly. Neither MUCZ nor TFF3expression patterns were significantly
different between mouse and human tissues. However, we noted that the relative
developmental expression patterns for both MUC2and 7FF3 were strikingly similar in both
species.

Paneth cells are unique among intestinal epithelial cells as they possess dense granules
containing multiple antimicrobial peptides. Murine expression of Reg3y (codes for
regenerating islet-derived protein 3) is fairly minimal until P21, when it quickly increases
reaching almost a 1000-fold increase by P28. Human Reg3a (the homologue of murine
Reg3y)is also minimal from 17 to 23 weeks of gestation, but by term, Reg3a levels are
significantly increased to an average of 20,000 times that of the level at 17 weeks. When
comparing the two species, both demonstrate almost no expression until the end of intestinal
development where there is a significant and massive increase in the relative expressions. A
similar pattern is seen with Lyz/(codes for murine lysozyme-1) and Defal (codes for murine
alpha defensin-1) which are minimally expressed through P10 followed by a significant
elevation from P14-P28. LY.Z (codes for human lysozyme-1) and DEFAS5 (the human
homologue to murine Defal) are stable at minimal levels from 17 weeks of gestation through
23 weeks of gestation, but by term express significant increases in mRNA levels. In
comparing the relative trends in development between mouse and human tissues, genes for
both lysozyme and defensins show similar patterns of minimal expression in early
development followed by steep increases over time. No significant differences were seen
between murine and human REG3, LYZ, or DEFA developmental patterns.

Comparisons of cell quantification:

Lastly, to determine if our mMRNA quantification scheme reflected cellular content, manual
cell counts of enteroendocrine, goblet and Paneth cells were performed in both murine and
human samples by immunostaining (Figure 5). For both species, the quantity of
enteroendocrine cell counts showed were stable over time. Goblet cell counts in both murine
and human samples remained relatively stable over time. Murine Paneth cells were not seen
prior to P10, when they began to significantly increase over time. Human Paneth cells were
negligible from 17 to 23 weeks completed gestation, but by term gestation were significantly
increased in number. When comparing the developmental trends, all cell types quantified
showed similar developmental patterns over time.

Direct comparison of developmental timing between mouse and human samples:

The objective of this study was to compare markers of intestinal development in both mice
and humans, to better understand the gestational age in a mouse that corresponds to NEC
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susceptibility in humans. To determine this, we next took the relative trends in development
for each gene in each species that had similar relative developmental patterns and mapped
them to their actual developmental age instead of relative time points. These genes were
compared using Principle Coordinate Analysis to determine similarities (Figure 6A). Mouse
genes from P1-P17 days clustered in similar proximity to human genes from 17-23 weeks
of completed gestational age. To further define similarities, genes from secretory epithelial
cells (goblet, enteroendocrine, and Paneth cells) were compared in a second Principle
Coordinate Analysis (Figure 6B) which showed even tighter clustering of mouse genes from
P1-P17 days to human genes from 17-23 weeks completed gestation. We grouped the genes
into three general developmental patterns: increasing, stable, or decreasing over time.
Corresponding genes from both species were overlaid on top of each other to match similar
patterning (Figure 6C). In this fashion, similar trends in development could be matched and
correlated to each species’ actual ages. Based on this analysis, for example, P14 mouse
intestine appears to model human intestine at 22—-23 weeks completed gestation, while P28
murine intestine is most similar to human tissue at term.

Discussion

Development of the mammalian intestinal tract requires the complex interaction of a
multitude of genes representing many different cell types. During maturation, the gut
develops from a simple tube into a mature organ that represents the largest surface area of
the body(18), the largest lymphoid organ in the body, and houses the majority of the human
microbiome(19). Understanding intestinal development is becoming increasingly important
as modem neonatology pushes the limits of viability earlier and earlier(20, 21) creating a
subset of patients who have an increasingly under-developed fragile intestine. Due to the
limited availability of human-derived tissues, animal models remain critical to further our
understanding of human diseases of the intestine(4). To better understand the
pathophysiology of NEC, investigators have made use of many different model organisms
(e.g. rats, mice, rabbits, quails, piglets, and nonhuman primates) and conditions to simulate
the pathophysiology seen in NEC(4, 5, 22, 23). Each animal has distinct advantages and
drawbacks related to their preterm viability, body size, genetic variability, and cost. For
example, the pig has several distinct advantages for translational research including their
similar genome, metabolic processes, microbial composition, and fecal transit time(24). At
the same time, piglets do not appear to possess Paneth cells, have different development and
distribution of their Peyer’s patches, have an accelerated growth rate, are extremely costly,
have limited analytical tools, and develop NEC-like injury in the entire Gl tract as opposed
to the distal small intestine seen in humans and mice(4, 22, 24-28).

Mice remain the most commonly utilized animal model to study diseases of the human
intestine due to their low cost, easy maintenance, and rapid reproduction rate. Previous
studies over the years have attempted to compare murine and human small intestine.
McCracken and Lorenz illustrated the critical interactions that must occur between the
microbiome and the host during intestinal development(29), and Mestas evaluated critical
immunological similarities and differences between mice and humans(13), while Nguyen
compared murine and human gastrointestinal tracts microscopically and morphologically.
Nguyen discovered that the digestive tract is strongly conserved in mice and humans
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including conservation of secretory cells such as goblet and Paneth cells, but yet these differ
in their intestinal distribution(11), however, to our knowledge, a direct detailed
comprehensive comparison of the developmental patterns between humans and mice is
lacking, primarily due to a lack of access to human tissues. To address this gap in
knowledge, we directly compared the expression of genes that control intestinal structure,
homeostasis and development of the many various epithelial cell types during development
in both mice and humans, as well as several individual cell types.

Our initial hypothesis was that murine intestinal development is significantly delayed
compared to that of the human, with postnatal day P14 mice most resembling the intestine of
preterm infants who have completed 24 weeks of gestation. Our results examining the
developmental patterns of twenty genes and three epithelial cell types show that the human
and mouse do indeed have marked similarity in their intestinal development, though not all
genes show similar patterns. In general, our data show that pre-viable human fetal intestine
is most similar to newborn C57BL/6J mice, human intestine around 22—-24 weeks completed
gestation is most similar to mouse intestine at P14-17, and human term intestine is most
similar to mouse intestine at P28.

The intestinal tract of both mice and humans contains the largest bodily surface area that is
exposed to an external environment 18), and yet is covered with an epithelial layer that in
both species is just a single cell layer thick. In order to maintain protection for the host while
allowing for nutrient absorption, this epithelial lining is continuously replenishing itself and
consists of many specialized cell types working in concert. Proliferation by stem cells within
the intestinal crypt supplies a constant stream of new cells to drive epithelial self-renewal,
leading to the turnover of the epithelial layer every 4-5 days in humans(30). Both mouse and
human tissues show similar trends of proliferation and apoptosis over time suggesting
similar growth patterns. However, we noted different patterns in intestinal stem cell marker
expression. Crypt-base columnar cells express the specific marker LGR5and are located in
the crypt base between Paneth cells where they actively proliferate(31). A second population
(located above the crypt base) express BM/1 and have been hypothesized to be quiescent
“reserve” stem cells until an injury occurs, at which time they begin to actively
proliferate(32). Our data show that both mice and humans experience a steady significant
drop off of LGR5 expression during development. This differs from the expression of BM/1
which mirrors Lgr5in mice, but shows no decline in humans. This may be due to our tissue
sample bias as all our human term samples had previously been injured so are expected to
have some level of intestinal adaptation.

An important regulator of epithelial homeostasis is the ErbB family of tyrosine kinase
receptors(33). The ErbB family includes the prototypic member EGFR/ErbBI as well as
ErbB2, ErbB3, and ErbB4. After binding to their ligands, ErbBs signal as dimers through
increased kinase activity and provide docking sites for downstream substrates and adapter
proteins. We found some intriguing trends in ErbB family member expression over time in
comparing human and mouse tissues. Patterns and timing of ERBBZ2and ERBB3e xpression
were similar in both species, while EGFR and ERBB4 diverged. In mice, £rbB/showed a
steady and significant decrease in expression over time while human E£GFR levels increased
from 17-23 weeks of completed gestation before beginning a trend towards decreased
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expression. Unfortunately, our sample set lacks infants from 24-36 weeks of gestation which
would help us understand if murine and human tissues have different patterns of EGFR
expression, or if the downward trend seen in mice happens after 23 weeks in humans.
ERBB4 expression was also different between the two species. In mice, the expression
pattern of ErbB4is minimal from birth through P17, at which time they experience a
dramatic increase in expression that persists through P28. Human £RBB4 shows an increase
from 17-23 weeks gestation followed by a return to embryonic levels by term. As the ErbB
family has been shown to be able to impact intestinal diseases such as NEC (15, 34), further
exploration is warranted.

Lastly, goblet cells are the major secretory cell located in the intestinal epithelium and are
responsible for producing mucin, trefoil peptides, resistin-like molecules-g, and Fey binding
protein(35). Our data show a marked similarity between gene expression of both MUC2and
TFF3over time in both mice and humans. However, a close relative of the goblet cell is the
antimicrobial secreting Paneth cell(36), which resides in the small intestinal crypts and
secretes several antimicrobial substances including a-defensins (cryptdins in mice), p-
defensins, Reg3, and lysozyme(37). Both murine and human tissues showed similar patterns
of expression with massive increases occurring over time. Interestingly, genes specific to
Paneth cell function in humans are delayed compared to other epithelial genes. While most
murine gene expression at P14-17 show similarity to human intestinal genes at 22—-23 weeks
gestation, changes in murine Paneth cell genes seen at P14—17 are not seen in humans until
after 24 weeks. As Paneth cells are a critical component to intestinal homeostasis and
immunity(38), this represents an important factor when comparing murine and human
tissues for the study of human diseases, especially as intestinal diseases of prematurity such
as spontaneous intestinal perforations and NEC appear to be developmentally regulated(2,
14).

It is important to note that our study has several limitations. The first is the overall limited
availability of human samples. Procurement of human preterm intestinal samples has been a
recurrent problem in NEC research(39). Our human samples were obtained from elective
terminations from pregnancies at periviable gestational ages. Since these samples came from
deceased fetuses, our samples may not be reflective of what is truly occurring in a healthy
living infant. Our samples were also limited by a lack of access to human samples from 24
weeks to term gestation in our biorepository. The incidence of non-inflammatory/necrotic
intestinal pathology (such as ileal atresia) that requires surgical intervention in premature
infants is very low. As our murine samples were all from healthy mice, we did not want to
further complicate comparisons by introducing human pathology. A second limitation is that
clinical information for our human samples was not available given the nature of the IRB
approval. This data also includes the corrected gestation of our term samples. The standard
of care at the University of Pittsburgh is for infants to undergo post-NEC re-anastomosis
surgeries when the infant is near term gestation, so it is reasonable to assume that our term
cohort of samples represent term tissue. Furthermore, our term samples were from infants
who had previously developed NEC and so we cannot be sure that intestinal adaptation
didn’t affect our results. Intestinal adaptation is a natural compensatory process that occurs
following intestinal resection, where the intestine undergoes both structural and functional
changes to enhance nutrient and fluid absorption in the remaining bowel(40). However, as
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term healthy infants rarely have small intestinal biopsies/tissue samples obtained, we believe
that this is as close as we can get to an accurate representation of term human small
intestinal tissues. Further, the vast majority of the genes and cell types we profiled showed
congruence with mouse tissues suggesting that our term tissues are indeed a valid
representation of normal human intestinal development.

In summary, our study quantified important epithelial genes and cell types during
development in both the mouse and human, and further, compared the two species for
developmental congruence. Animal models, including mouse models, are critical in aiding
our understanding of diseases of the immature intestine, including NEC, which despite
carrying significant morbidity and mortality, is poorly understood as the exact pathogenesis
remains unknown. However, utilizing animals modeling disease processes that occur during
organ development requires careful matching of developmental stages. Our data directly
compares murine and human stages during development. This data allows a better
understanding of the overall development of the small intestine and will importantly provide
guidance to relate findings from mouse models to human diseases such as NEC.
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Article Impact Questions:

1 What isthe key message of your article?Intestinal epithelial developmental
patterns are similar in mice and humans but vary according to the timing of
normal birth.

2. What doesit add to the existing literature?This is the first comprehensive
direct comparison of intestinal epithelial developmental gene patterns
between the mouse and human

3. What isthe impact?The impact of our work helps to better define age
equivalency when using mouse models to study diseases that impact the
preterm human intestinal tract such as SIP or NEC.
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Figure 1: Comparison of homeostasis genes between murine and humans.
Homeostasis genesMK167, BAX/BCLZ, L GR5, and BM/1were evaluated in murine and

human small intestines. Murine samples (far-left column in grey) show fold change with -
actiras a reference gene at ages shown (n=8 per group). Human samples (middle column in
orange) show fold change with RPLO as a reference gene at ages shown (n=4-7).
Significant differences are denoted as shown. Relative comparison (far-right column) of
murine (grey) to human (orange) developmental trends as percent of maximum over time
points. Linear regression was calculated to determine statistical significance between time
points.
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Figure 2: Comparison of ErbB genes between murine and humans.
ErbB genes EGFR and ERBBZ2-4 were evaluated in murine and human small intestines as

described in Figure 1.

Pediatr Res. Author manuscript; available in PMC 2019 December 27.

2 4 6 8 10
Relative Time Points

Page 15



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Stanford et al.

Page 16

* p<0.05 compared to initial time
Stru Ctu ra I g enes + p<0.05 compared to last time ‘@ Mouse
§ p<0.05 compared to previous time @ Human
** p<0.05 comparing murine to human

Cdh1 Relative Comparison
4 100 oy ’
* * & £ . 3 :
@ '.
8, o 5 § ol
§ 84 ; §a ¢
s tf & - 25 -
°
O T P PT PIOPAPITPIIPIAPTS 07 % 18 20 21 22 23 Term 0 2 4 6 8 10
Age (d) Gestational Age (weeks) Relative Time Points
Tjp1 TJP1 Relative Comparison
4 4 100 ©
*% p <0000
& & 3 ° § . ’
<) ) L
E TETd -E L] ° e ®
CIRIES Ll G 2 g 50
3 ¢8ee 3 %
w ° . ‘ e ‘ w 1 * 2 25
O T Ps P7 PI0PIAPIT P31 PRAPEE 17 18 19 20 21 22 23 Term o 2 4 6 8 10
Age (d) Gestational Age (weeks) Relative Time Points
Ocin OCLN
¥ L 100
£
@ 8
s, t + t ¢t §, g 75
2 - E
g f" G " " g s T~ o
!1‘ .o,‘ o 3¢ ' ° s E o2 o
£ 25 ! P
L CUNS (L P IS S
T P P7 PIOPIAPITPH PIAPTS " 2B Tem o 2 4 6 8 1
Age (d) Gestational Age (weeks) Relative Time Points

Figure 3: Comparison of structural genes between murine and humans.
Structural genes CDH1, TJP1, and OCLN were evaluated in murine and human small

intestines as described in Figure 1.
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Figure 4: Comparison of epithelial cell specific genes between murine and humans.
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LYZ/Lyz 1, and DEFA5/Defal were evaluated in murine and human small intestines as

described in Figure

Pediatr Res. Author manuscript; available in PMC 2019 December 27.
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Figure 5: Quantification and comparison of enteroendocrine, goblet, and Paneth cells between

murine and humans.

Manual cell counts of enteroendocrine, goblet and Paneth cells were quantified in mouse and
humans. Murine samples were stained with Alcian-blue Periodic Acid Schiff (goblet cells
and Paneth cells) or with a-Chromogranin A (enteroendocrine cells). Human samples were
stained with a-Muc 2 (goblet cells), a-lysozyme (Paneth cells), or with a-Chromogranin A
(enteroendocrine cells). Scale bars denote 50m.
Murine samples (far-left column in grey) show positive cells per 100 epithelial cells for
enteroendocrine, and goblet cells, and positive cells per crypt for Paneth cells. Counts were
performed at ages shown (n=8 per group). Human samples (middle column in orange) show
cells per villus for enteroendocrine and goblet cells, and cells per crypt for Paneth cells.

Counts were performed at ages shown (n=4-7). Linear regression was calculated to

determine statistical significance between time points.
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Figure 6: Direct age-based comparison of murine and human genes.
To determine age-based comparisons, a Principle Coordinate Analysis was generated using

the maximum relative values from REG3y/Reg3a, LYZ/Lyz 1, DEFA5/Defa, MUCZ, TFF3,
CDH1, OCLNI, MK167, CHGA, DCLK1, and LGR5 (A), and a second Principle
Coordinate Analysis was generated using the maximum relative values fromREG3y/Reg3a,
LYZ/Lyz 1, DEFA5/Def3, MUCZ, TFF3, and CHGA(B) to determine relative similarities
between developmental stages. In both analyses, murine genes from age P1-P17 were
similar to human samples from age 17-23 weeks. To further delineate equivalent ages, the
relative percentage of the maximum fold change was plotted to their developmental time
points (days in murine samples and weeks in human samples) from CDHI1, OCLN1, MKI67,
CHGA, DCLK1, and LGRS5 (left plot), REG3y/Reg3a, LYZ/Lyz 1, and DEFA5/Defa
(center plot), and MUCZ, and TFF3(right plot). An XY analysis was performed in
GraphPad Prism to smooth the developmental curves. Murine (gray lines associated with the
bottom X-axis and left Y-axis) and human plots (orange lines associated with the top X-axis
and right Y-axis) were overlapped to describe the developmental stage similarities between
the two species. Hashed lines were drawn to visually connect time points between mouse
and human developmental stages.
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