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a b s t r a c t
The pathogenesis of inﬂammatory bowel disease (IBD) has been linked with lymphostasis, but whether
and how lymphatic obstruction might disturb the intestinal microbiome in the setting of Crohn’s Disease
(CD) is currently unknown. We employed a new model of CD in African Green monkeys, termed ‘ATLAS’
(African green monkey truncation of lymphatics with obstruction and sclerosis), to evaluate how gut lymphatic obstruction alters the intestinal microbiome at 7, 21 and 61 days. Remarkable changes in several
microbial sub- groupings within the gut microbiome were observed at 7 days post-ATLAS compared to
controls including increased abundance of Prevotellaceae and Bacteroidetes-Prevotella-Porphyromonas
(BPP), which may contribute to disease activity in this model of gut injury. To the best of our knowledge, these ﬁndings represent the ﬁrst report linking lymphatic structural/gut functional changes with
alterations in the gut microbiome as they may relate to the pathophysiology of CD.
© 2019 Elsevier B.V. All rights reserved.

1. Introduction
Alterations in the gut microbiota composition (dysbiosis) are
well-recognized contributors to the pathogenesis of gastrointestinal disorders, such as inﬂammatory bowel diseases (IBD), including
ulcerative colitis (UC) and Crohn’s disease (CD). In addition, a
growing body of evidence from clinical data as well as several animal models have been implicated the contribution of lymphatic
obstruction towards CD pathogenesis [1]. However, signiﬁcant dif-
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ferences in gut anatomy between humans and other species [2]
differences in diets [3] and inherent differences in gut ﬂora between
species [3–5] have confounded interpretations of how lymphatics may govern gut homeostasis. These studies have shown that
lymphatic blockage intensiﬁes inﬂammation, but it is still unclear
how such induced inﬂammation might in turn modulate the microbiome.
Few, if any IBD models fully recapitulate clinical features found
in CD, and experimental models which more faithfully replicate
this condition are still needed. The recent availability of African
Green monkey (Chlorcebus aethiops) models for this collaboration
provided a unique opportunity to study one of the most humanlike examples of intestinal structure in a model of CD. This new
model, termed ‘African green monkey truncation of lymphatics
with obstruction and sclerosis’ (‘ATLAS’), allowed us to evaluate
for the ﬁrst time how surgically-induced regional intestinal lym-

https://doi.org/10.1016/j.pathophys.2019.06.004
0928-4680/© 2019 Elsevier B.V. All rights reserved.
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phatic obstruction would disturb gut structure and function and
reorganization of the microbiome in a non-human primate from
baseline measured at three time points over 61 days after generation of this model. We hypothesized that in addition to provoking
histopathological changes, lymphatic obstruction in the ATLAS
might modulate the gut microenvironment and alter the microbiome which is highly responsive to this environment.
It is well known that intestinal dysbiosis can lead to immune system activation, triggering and intensifying gut inﬂammation [6,7].
Such dysbiosis can arise from several causes including infection,
antibiotic use, diet and altered gut motility. We have previously
shown that gut sterilization during induction of dextran sodium
sulfate (DSS, an irritant which produces gut epithelial injury) colitis signiﬁcantly suppressed the development of tissue injury and
clinical symptomatology [8], characterized by preservation of tissue architecture and suppression of intestinal blood and lymphatic
network remodeling. Using this model of experimental colitis in
rodents, Munyaka et al. [9] found that DSS-induced gut injury
induces microbial dysbiosis.
Immune activation caused by dysbiosis has also been shown to
intensify extra-intestinal forms of tissue injury including neuronal
[10] and renal injury [11]. While departures from the normal composition of the gut microbiome have been repeatedly demonstrated
in experimental models of and in patients with IBD, ﬁndings regarding whether and how gut injury mediates effects in the microbiome
are still lacking. Non-chemically induced and more clinically relevant experimental models of IBD are necessary to illuminate how
change(s) in the gut environment itself might lead to alterations of
the intestinal microbiome, and how long these disturbances persist
relative to the physical and functional state of the intestine. Large
shifts in the microbiome which result from gut injury may represent an important pathophysiologic event which creates a vicious
cycle of immune system activation leading to disease intensiﬁcation in IBD.
Changes in diet provided to the members of the gut microbiome
can dramatically skew the makeup of the microbiome with important consequences on signaling at the gut-microbiome interface
that inﬂuence both the structural and immunological integrity of
the intestinal barrier [12,13]. For example, the diminished availability of complex carbohydrates that can be digested by Lactobacillus
and Biﬁdobacteria to produce short chain fatty acids (an efﬁcient
carbon source for intestinal epithelial cells (IECs)) may derange
intestinal barrier function [12] and diminish the capacity of IEC to
maintain mucosal tolerance via antigen presenting cell trafﬁcking
[13].
In this study, we sought to determine the duration and mechanism by which acute gut inﬂammation in otherwise healthy
primates might provoke intestinal dysbiosis. Additionally, as these
microbiome changes originated solely as a response to lymphatic
obstruction, this model suggests a primary role for lymphatic
ﬂow in maintenance of intestinal homeostasis and that lymphatic
obstruction may represent an important, but often overlooked
component of the pathogenesis of IBD.

St. Louis, MO, USA), which was supplemented with fruit 2–3 times
weekly. Tap water was provided ad libitum via automatic watering device. Preoperatively, animals were fasted overnight with free
access to water. Postoperatively, animals had free access to food
and water ad libitum.
2.2. The ATLAS model
An in-depth description of the ATLAS model, along with the
physiological and inﬂammatory data used to deﬁne the model was
reported in a previous paper [14]. Brieﬂy, animals underwent a
laparotomy and intestinal and mesenteric lymphatic vessels of the
distal ileum and ascending colon were identiﬁed by subserosal
injections of Isosulfan blue (300 l, 1%, LymphazurinTM , Covidien,
New Haven, CT, USA). Next the mesenteric lymphatic vessels were
ligated and the respective draining lymph nodes were sclerosed
by injecting 4% formalin. Surgically induced lymphatic obstruction
was deemed successful if stasis of Isosulfan blue occurred in the
mesenteric lymphatics and a complete reuptake occurred in the
proximal lymph nodes without any leakage. It is important to state
that the ATLAS model had no mortality and that animals in the
ATLAS model displayed no signs of morbidity [14].
2.2.1. Experimental groups
To evaluate the course of intestinal injury in acute, mid-term
and chronic phases of gut injury following lymphatic obstruction
and sclerosis, four different groups were analyzed: 1) control group
consisting of naïve animals without any treatment (n = 20), 2) acute
ileitis (7 days. n = 4), 3) midterm ileitis (21 days. n = 4) and 4) chronic
ileitis (61 days. n = 4). Time points were selected based on previous studies by Kalima [15]. We anticipated a direct inﬂuence of
the intestinal lymphatic obstruction on the ileal clinical phenotype which could include weight loss, growth retardation, diarrhea,
steatorrhea or fever. Other important key features of this model
historically include ﬁstulae, stenoses, internal obstructions or perforations, especially when the model is complicated by infections.
2.3. Stool sample processing
We collected feces samples from the naïve control group as well
as from all experimental animals during routine examinations at
the respective timepoints (7-, 21- and 61-days). We used 20 animals in the control group and collected feces from 12 animals after 7
days as well as from four animals after 21 and 61 days, respectively.
Microbial DNA from stool samples was isolated using QiaAmp DNA
Stool kit (Qiagen, Gaithersburg, MD) using the standard Qiacu protocol. Brieﬂy, stool samples (average + SD weight = 0.173 ± 0.08 g)
were combined with 1 ml inhibitor in tEX buffer and vortexed for
30 s. Samples were then heated to 95oC for 5 min, cooled on ice
and centrifuged to pellet non-suspended fecal material. 200 l of
supernatant were transferred to a new tube were and applied to
QiaCube. Puriﬁed samples were eluted in a ﬁnal volume of 200 l
buffer ATE. DNA was quantiﬁed using a Qubit dsDNA HS assay (Life
Technologies, Grand Island, NY).

2. Materials and methods

2.4. Metagenomics library preparation and sequencing

2.1. Animals

Libraries were prepared using the Illumina 16S Metagenomics Sequencing Library Preparation protocol. Brieﬂy, the
V3 and V4 regions of the 16s rRNA gene were ampliﬁed
using a limited cycle PCR with region- speciﬁc primers that
included the Illumina adapter overhang sequences [16]. The
primer sequences were 16S Amplicon Forward 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG 3’
and 16S Amplicon Reverse 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC 3’. Ampliﬁcations were

All animal protocols were approved by the University of
Louisiana (UL) at Lafayette Animal Care and Use Committee and
were performed in accordance with the Animal Welfare Act and the
National Research Council’s “Guide for the Care and Use of Laboratory Animals”. Male African Green monkeys (Chlorocebus aethiops
sabaeus) were used and maintained at the New Iberia Research Center (NIRC), UL. Animals were fed a regular primate diet (Purina Lab,
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performed using 12.5 ng of DNA template, 200 nM primers, and
KAPA HiFi Hot Start Ready Mix in a C1000 Bio-Rad thermocycler
with the following cycling conditions: 1 cycle at 95 ◦ C for 3 min, 25
cycles of 95 ◦ C for 30 s, 55 ◦ C for 30 s, and 72 ◦ C for 30 s, and 1 cycle
at 72 ◦ C for 5 min. PCR reactions were performed in duplicate and
then pooled prior to puriﬁcation with Agencourt AMPure XP (Beckman Coulter, Inc., Brea, CA). A second PCR was performed to attach
dual indices and Illumina sequencing adapters using the Nextera
XT Index Kit as recommended by the manufacturer (Illumina, San
Diego, CA).
Library size was determined on the Agilent TapeStation with a
D1000 assay (Agilent, Santa Clara, CA). Libraries were quantiﬁed
with a Qubit dsDNA HS assay and diluted to a ﬁnal concentration of 4 pM. The libraries were spiked with 5% PhiX control and
sequenced on an Illumina MiSeq system using a paired-end 300cycle protocol. Sequence reads passing ﬁlter ranged from 239,000
to 718,000 for each sample. Initial analyses were performed in Illumina MiSeq Reporter v2.5 using the Metagenomics workﬂow. This
provided a taxonomic classiﬁcation using the Greengenes database
(http://greengenes.lbl.gov/).

3

fyReads, a high-performance implementation of the RDP Classiﬁer
[17]. Association testing of all covariates vs. all taxa were performed
via pairwise T-tests of sample means supplanted by one-way
ANOVA and Principal Coordinate Analysis (PCOA).
2.6.1. S RNA sequencing to evaluate changes in the gut
microbiome following ATLAS model
We performed massive parallel sequencing of 16S RNAs using
the Illumina MiSeq sequencer to identify and semi-quantitate
microbial species in fecal samples from African Green monkeys.
Samples were serially collected from each animal to evaluate how
and which changes in the gut microbiome are induced as colitic
disease develops [18]. The identiﬁcation of particular species of bacteria and their relative abundance at different times in the course
of disease may link particular species with features of disease and
could identify microbial targets for therapy which if suppressed
(or expanded) might reduce disease activity in experimental and
human IBD. Counts for species reports used NCBI Taxonomy to
tag each species and generate a taxonomic hierarchy. This allowed
us to make inferences regarding relationships between taxa under
different circumstances.

2.5. Data handling
2.7. Statistical analysis
Several techniques were used to ‘sanitize’ the aggregate report.
An ünclassiﬁedc̈ategory exists in the report that was found with
a count at least two orders of magnitude greater than any classiﬁed read. This was considered as noise and removed from the
data. Additionally, counts varied in magnitude across samples,
so it was necessary to normalize them to account for variation
in total population size. We considered four scaling methods of
normalization: global, log-global, group, and species. The global
method utilizes the maximum intensity, normalizes the entire data
set as an upper bound and rescales the data to the interval (0,
1) using MinMax normalization; log-global is similar, except it
uses the natural logarithm of the magnitude. While these methods
can highlight areas where one species has unusually high activity, it is possible that one sample would have a very strong signal
(effectively obscuring trends in the others). To account for this,
we performed normalization between samples in the same group
(which more accurately reveals trends occurring between them)
and within the same species (showing where the peak number of
reads occurred for that species). We collected the aggregate read
classiﬁcation data from Illumina’s 16S Metagenomics v1.0.1 application to determine the distribution of microbial species in each
sample. Illumina’s 16S Metagenomics v1.0.1 app in BaseSpace is
an extension of the metagenomics workﬂow found in the MiSeq
Reporter Software (MSR) 2.4. The 16S Metagenomics app provides
ultra-fast taxonomic classiﬁcation of the bacterial 16S rRNA gene
without the need for upfront OTU clustering [16]. The reads are
classiﬁed against the GreenGenes database, with species-level sensitivity. The classiﬁcation algorithm is based on a high-performance
implementation of the Ribosomal Database Project (RDP) naïve
Bayesian algorithm. The classiﬁcation step uses ClassifyReads, a
high-performance implementation of the RDP Classiﬁer described
in Wang et al. [17]. We derived our counts from the species report
and used NCBI Taxonomy to tag each species a complete taxonomic
hierarchy. This allowed us to make inferences about relationships
between taxa at varying scopes.
2.6. Microbiome analysis
Aggregate read classiﬁcation data (Illumina 16S Metagenomics
v1.0.1) were applied to determine distributions of microbial taxonomic classiﬁcations of 16S rRNAs without the need for upfront
OTU clustering [16]. Classiﬁcation algorithms use the Ribosomal
Database Project (RDP) naïve Bayesian algorithm using Classi-

Association testing of all covariates versus all taxa was performed via pairwise t-tests of sample means supplanted by
one-way ANOVA and Principal Coordinate Analysis (PCOA). Statistical analysis was conducted with version 7, GraphPad Software,San
Diego, CA) and data were expressed as average ± SEM with a
p < 0.05 being considered signiﬁcant.
3. Results
3.1. Lymphatic obstruction altered species diversity of the
microbiome
The proportional contribution of each bacterial species to the
composition of the total microbiome in each sample was displayed
using a ‘heat map’ strategy (Fig. 1), where only species which were
within the top 85% of total classiﬁed DNA reads were studied. The
remaining 1̃5% of the species were not included in this analysis
because of the low relative contribution of each component in this
fraction. Fig. 1 shows species (list shown on left) ordered by their
taxonomic relationship according to NCBI with more closely related
species being grouped together. The scale shows the percentage of
maximum DNA reads per treatment group with a color scaling gradient separation of 5%. Species are ordered horizontally (in rows),
individually analyzed samples are represented in columns.
These data show that there was a remarkable reduction in the
diversity of the gut microbiome at day 7 following intestinal lymphatic obstruction, compared to controls and compared to day 21
and day 61 post- operatively (Fig. 1B). Microbial diversity appears
to be ‘restored’ at days 21 and 61, but this repopulation appears to
represents a different set of commensal bacteria which comprising
the ‘new’ microbiome.
3.2. Intestinal lymphatic obstruction changes the composition of
the microbiome at the phylum level
Fig. 2 shows that the abundance of the members in the four
major microbial phyla (Bacterioidetes, Firmicutes, Spirochaetes,
and Proteobacteria) changed dramatically as a function of time
after induction of the ATLAS model. Fig. 2A shows changes in the
abundance of each phylum as a function of time following ATLAS
compared to control groups. In this graph, the length of each cell
in the bar graph is proportionate to the total classiﬁed DNA reads
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Fig. 1. Intestinal lymphatic obstruction altered species diversity of the gut bacterial microbiome.
A) Heatmap displaying percentages which each species constitutes to the total microbiome, consisting only of species within the top 85% of total classiﬁed DNA reads. Species
are ordered by their taxonomic relationship according to NCBI with more closely related species being grouped together. Scale shows % of maximum DNA reads per treatment
group with a color scaling of 5%. Species are ordered in rows, individually analyzed animals in columns. B) Biodiversity graph of only the species within the top 85% of total
classiﬁed DNA reads for control, 7, 21 and 61 days respectively (n = 20 for control, n = 12 for 7 days and n = 4 for treatment groups of 21 days and 61 days).

for that phylum within that treatment group. We found that there
was an expansion in the Bacteriodetes and a reduction in the Firmicutes such that the Log2 ratio of Firmicutes to Bacteriodetes showed
a decrease in this ratio at day 7, with a restoration by day 21 and
maintenance at day 61 (Fig. 2B).

3.3. Intestinal lymphatic obstruction changed the composition of
the intestinal microbiome at the family level
Fig. 3A shows the changes in the abundance of particular families of commensal bacteria as a function of time following ATLAS.
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Fig. 2. Intestinal lymphatic obstruction changed the composition of the microbiome at phylum level.
(A) Bars showing changes in the abundance of phylum over time for control and treatment groups; the length of each cell in bar graph depicts proportion of total classiﬁed
DNA reads per phylum and treatment group in decreasing order of abundance (with the top cell of each being the most abundant phylum). Phyla consisting of <2.5% of total
classiﬁed DNA reads were combined into the Other category. (B) Box and Whisker showing ration (Log2) of the two phlya Firmicutes to Bacteriodetes. n = 20 for control,
n = 12 for 7 days and n = 4 for treatment groups of 21 days and 61 days. Black squares represent outliers, deﬁned as values 1.5 times the interquartile range above the upper
quartile.

Fig. 3. Intestinal lymphatic obstruction changed the composition of the microbiome at family level.
(A) Bars showing changes in family abundance over time for control and treatment groups; length of each cell in bar graphs depicts proportion of total classiﬁed DNA
reads per family and treatment group (with the top cell of each being the most abundant family). The 11 families shown were present in the top 10 families of at least one
treatment group. Families consisting of <2.5% of total classiﬁed DNA reads were combined into the Other category. Scattered lines represent top 50% abundance. Box and
whisker displaying fraction of top ﬁve families per total classifed DNA reads (B) Prevoltellaceae, (C) Spirochaetaceae, (D) Sphingobacteriaceae, (E) Rumicocacaeae and (F)
Acidaminococcaceae. n = 20 for control, n = 12 for 7 days and n = 4 for treatment groups of 21 days and 61 days. p < 0.05 vs control. Black squares represent outliers, deﬁned
as values 1.5 times the interquartile range above the upper quartile.

Bars in Fig. 3B show changes in the family abundance over time
for control and treatment groups. The length of each cell in this
bar graph is proportionate to the total classiﬁed DNA reads per
family within each treatment group. The ‘box and whisker’ plots
(Fig. 3C–F) show the fraction of each of the top ﬁve families per total

classiﬁed DNA reads in Prevotellaceae (3B), Spirochaetaceae (3C),
Sphingobacteriaceae (3D), Rumicocacaeae (3E) and Acidaminococcaceae (3F). Prevotellaceae were signiﬁcantly (*p < 0.05) increased
and Spirochaetaceae were signiﬁcantly decreased (*p < 0.05) at day
7 following ATLAS (*p < 0.05) but not at other time points.
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3.4. Intestinal lymphatic obstruction altered the composition of
the gut bacterial microbiome at the genus level
The abundance of thirteen bacterial genera changed dramatically as over time following ATLAS induction (Fig. 4). The 13 genera
shown were present in the top 10 genera of at least one treatment
group. Genera consisting of <2.5% of total classiﬁed DNA reads were
combined into the ‘Other’ category. Fig. 4A shows the changes in
the abundance of each genera in control and over the 61 days postATLAS. As described above, the length of each cell in the bar graph in
Fig. 4 shows proportion of total classiﬁed DNA reads per family and
treatment group. From these 13 genera, the ‘box and whisker’ plots
(Fig. 4B) show genera within the Bacteroides-PorphyromonasPrevotella (BPP) group for control and or treatment groups of 7
days, 21 days and 61 days post ATLAS induction, demonstrating an
elevation in this grouping, which is consistent with development
of dysbiosis being maximal at day 7 and is reversed by day 61.
3.5. Relationships between BPP species and each sample
Finally, we used a ‘Circos’ plot (Fig. 5) to depict the proportion of
those BPP species found within stool samples obtained from each
of the subjects at different phases of the study, comparing control with 7, 21 and 61 days post-ATLAS. The experimental groups
are shown on the top right third of the plot and each gradation in
each experimental group represents an individual animal sample.
The size of the link shown enlarges with the relative percentage
of reads belonging to the sample found in that link. These results
demonstrate a shift in the microbiome dysbiosis over the course of
the 61 days post ATLAS vs. control.
4. Discussion
In our current study, we made several important observations
regarding changes in the gut microbiome in the ATLAS model. We
found that the gut microbiome ‘contracted’ in response to regional
lymphatic obstruction in the ﬁrst week, followed by a relative
restoration of diversity at 21d and the microbial dysbiosis which
occurs at 61 days.
We have previously reported that the induction of experimental
colitis causes rapid and dramatic remodeling of intestinal lymphatics [20–22] and conversely, that disturbances in gut lymphatics
(e.g. FOXC2 deletion (which produces a murine model of lymphedema distichiasis)) can hasten the onset and intensify colitic
disease activity following induction of DSS colitis [23,24]. Clinically,
Tonelli et al. [25], described lymphatic disturbances in CD, even
recommending a surgical operation to restore normal clearance of
intestinal lymph termed an ‘epipoonoplasty’. However, whether or
how such perturbations alter the intestinal microbiome, or whether
a dysbiosis might be established by such manipulations that could
support more persistent or chronic disease remains unclear. To
the best of knowledge, no other study has evaluated whether
experimentally-induced lymphostasis affects the composition of
the gut microbiome and how this might contribute to intestinal
stress seen in IBD or experimental colitis.
The distal GI tract contains large quantities of obligate anaerobic bacteria which increase by a factor of 10–100 as one progresses
from the ileum to the colon. In humans, the gut microbiome
is represented by two main phyla, Firmicutes and Bacteroidetes
which constitute the majority (9̃0%) of the intestinal ﬂora; these
phyla are both obligate anaerobes. Apart from these conserved
groupings of phyla, individual microbiomes show much more heterogeneity with up to 1000 different species found in a sample, but
remarkably few species shared between individuals. The microbiome of the intestine is now recognized as a highly complex

colony of commensal and occasionally pathogenic species whose
composition can inﬂuence gut integrity [30], immunity [31] and
metabolism [32]. In the setting of IBD, the recognition of the microbial inﬂuence on gut homeostasis has even led to the introduction
of ‘fecal transplants’ as a means of adjusting the components of
the gut ﬂora to achieve therapeutic beneﬁt. Several forms of hostcommensal/pathogen communication regulate intestinal epithelial
barrier function [30] and may contribute to barrier disturbances
which have been described in forms of IBD and other forms of
intestinal inﬂammation. Therefore, several recent studies have
revived investigations into the composition of the gut microbiome,
its heterogeneity and inﬂuence on gut health and perturbations in
disease.
The ﬁrst ﬁnding in our study was a decrease in biodiversity in
the AGM microbiome 7-dyas after induction of the ATLAS model.
This timepoint also represents the peak of the inﬂammatory state
[14]. In support of this, Ott et al. [33], reported that the diversity
of the gut ﬂora in CD was reduced to 50% of that seen in controls
and was even further reduced (30%) in UC. In particular, this loss
of diversity reﬂected the loss of the anaerobic species Bacteroides,
Eubacterium and Lactobacillus. Therefore, despite individual variations in microbial compositions, gut microbial ’crises ‘appear to lead
to an immediate ‘bottleneck ‘of fewer species. Interestingly, once
an established pattern of microbial diversity is lost, particularly in
adults, it is unclear how this balance can (if ever) be re-established.
Therefore, if a speciﬁc microbial pattern governs local immunity
and vascular ultrastructure, dysbiosis could lead to long-standing
or lifelong immune dysregulation.
In addition, we found changes in four major microbial phyla
(Bacterioidetes, Firmicutes, Spirochaetes, and Proteobacteria), with
both Bacterioidetes and Proteobacteria being increased at 7 days.
Bacterial toxins and biochemical changes in the intestinal lumen
along with changes in gut motility may intensify injury, leading to a feed-forward ‘greenhouse effect’ which may generate
a more extensively oxygenated gut environment which favors
species which are facultatively anaerobes such as Bacterioidetes
and Proteobacteria which have been described as a ‘signature’
of gut dysbiosis. Additionally, the signiﬁcant decrease in the Firmicutes to Bacteroidetes ratio (which we found here) has been
described as a key feature in both CD and dysbiosis [49]. At the
family level, we found a signiﬁcant increase in Prevotellaceae as
well as a signiﬁcant decrease in Spirochataceae. The genus Prevotella includes gram negative bacteria normally found in the oral
and vaginal compartments. In the gut, the abundance of Prevotella
can vary depending on diet such that protein-fat rich diets favor
Bacteroides, whereas ﬁber and carbohydrate rich diets are associated with a greater proportion of Prevotella [28]. Normally, the
prevailing obligate anaerobes e.g. Bacteroides and Prevotellaceae
compete for dominance in the gut [29]. Here we show that dominant commensal taxa (such as Prevotellaceae and Bacteroides in
the gut) often compete. When Bacteroides (or Ruminococcaceae)
are suppressed, Prevotellaceae can expand to ﬁll this niche, consistent with the signiﬁcant elevation we observed in Prevotellaceae
at day 7 in this model, but not at later time points.
Local inﬂammatory changes magnify blood perfusion of the
intestinal mucosa, hence local increases in oxygen tension could
profoundly affect the microbial environment to both suppress some
commensals while eliminating others [34,35]. It is also known that
the extreme hypoxia of the gut lumen favors the survival and proliferation of obligate anaerobic bacteria which dine upon complex
carbohydrates not degraded within the upper gastrointestinal tract.
In the large intestine, these complex carbohydrates are fermented
into short-chain fatty acids (SCFA) e.g. acetic acid, propionic acid
and butyric acid. These SCFA are largely utilized by gut epithelial
cells which prefer SCFAs as carbon sources [36] providing links
between epithelial barrier, oxygen levels and SCFA abundance.
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Fig. 4. Intestinal lymphatic obstruction changed the composition of the gut bacterial microbiome at the genus level.
(A) Bars showing changes in genera abundance over time for control and treatment groups; the length of each cell in the bar graph depicts proportion of total classiﬁed DNA
reads per genus and treatment group in decreasing order of abundance (with the top cell of each being the most abundant genus). (B) Box-and-Whisker plots display genera
within the Bacteroides-Porphyromonas-Prevotella (BPP) group of n = 20 for control, n = 12 for 7 days and n = 4 for treatment groups of 21 days and 61 days.

Fig. 5. Circos plot depicting the relative diversity and abundance of Bacteroides-Porphyromonas-Prevotella (BPP) species within each treatment group.
Gray sectors represent treatment groups with shaded cells representing individual samples. Colored sectors correspond to BPP species with their sector width proportional to
the average abundance of respective BPP species across all treatment groups. Lines indicate relationships between species and individual samples. Line width is proportional
to the percentage of total DNA reads for that species belonging to the sample implicated in the link.
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Importantly, as much as 10% of basal calories are provided by SCFAs.
SCFAs, particularly butyrate, negatively regulate immune activation by suppressing immune cell derived Th1 cytokines (TNF␣,
IFN␥, IL-6, IL-12) and nitric oxide and increasing Th2 cytokines
e.g. IL-10 [37–40]. As SCFAs like butyric acid have been described
as inhibitors of nuclear factor Kappa-B [41], there may be several potential links between dysbiosis, inﬂammatory activation and
alterations in gut structure/function. Based on this concept, it has
been suggested that dysbiosis (i.e. changes in the composition of
the gut ﬂora with a diminution of butyric acid generators) would
lead to inﬂammatory changes which bring about inﬂammatory gut
injury.
Although CD in humans is characterized by an increased
microvessel density [45] (which closely correlates with disease
severity), such vascular recruitment may reﬂect intermittent local
hypoxia as a reaction to inﬂammation and oxygen consumption by
immune cells. Hatoum et al. [46], have reported that gut mucosal
perfusion is perturbed in IBD, with a concomittant hyperemia of
the mesentery, bowel wall and serosa, but a relative hypoperfusion in the mucosa. Therefore, at least some phases of IBD may
be hyperemic and relatively hyperoxic to gut commensals as a
result of induced inﬂammation. Consequently, while thickening
and hypervascularity in the intestinal wall correlate with IBD disease, perfusion may vary substantially and oxygen tension may
vary substantially in IBD depending on disease state and gut region.
Whether components of the microbiome are ‘cleared ‘by elevated
oxygen tension is unknown. It has been shown that F. prausnitzii
can be microaerobic, surviving low oxygen tensions provided they
are provided with several co-factors e.g. thiols/ﬂavins which they
require to detoxify oxygen [47]. However, if perfusion is limited
in IBD, these antioxidant factors could be depleted leading to a
dropout of these factors and still provoke oxidant stress. Increased
vascular perfusion may not be the only environmental source of
oxygen affecting gut ﬂora. Because intestinal lymphatics also participate in clearing oxygen laden water which passes across the
epithelia into the interstitium [48] lymphatic transport failure may
lead to an increase in stool water content (and hence oxygen) which
could also increase oxygen permeation and microbiome intoxication.
Based on the structural and anatomic similarities to the human
intestinal tract [15], we anticipated that lymphatic obstruction in
the intestines of African green monkeys might produce a superior model which more accurately recapitulates the inﬂuence of
lymphostasis on the changes in the microbiome than models that
utilize rodents, lagomorphs and swine. Speciﬁcally, the intestinal anatomy of the African green monkey more closely matches
the human intestinal components and segmental length, as well
as the blood and lymphatic supplies. Perhaps most importantly
the derivation of nutrition and the reliance of non-human species
(rats, mice, rabbits) on fermentation may mean that rodents and
lagomorphs are not good models in which to compare intestinal
stress. Although all are monogastric omnivores, rats and mice are
well-adapted to carry out fermentation [5,19]. How such differences might inﬂuence the tolerability of short-term alterations in
the gut microbiome and how these differences contribute to the
pathophysiology of inﬂammatory diseases is completely unknown,
but support the greater relevance of non-human primates for such
studies.

5. Conclusions
Using the ‘ATLAS’ model of CD to study how the gut microbiome
changes following regional surgically-induced obstruction of gut
lymphatics, signiﬁcant differences were found between the control
versus day 7 and day 61 groups with respect to total classiﬁed reads,

reads associated with Prevotellaceae and reads associated with the
BPP group. These ﬁndings are the ﬁrst report linking lymphatic
structural/function changes with alterations in the gut microbiome
as they may relate to the pathophysiology of CD.
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