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Abstract

Background: Neointimal hyperplasia is a major contributor to restenosis after arterial
interventions, but the genetic and environmental mechanisms underlying the variable propensity
for neointimal hyperplasia between individuals, including the role of commensal microbiota, are
not well understood. We sought to characterize how shifting the microbiome using cage sharing
and bedding mixing between rats with differing restenosis phenotypes after carotid artery balloon
angioplasty could alter arterial remodeling.

Methods and results: We cohoused and mixed bedding between genetically distinct rats
(Lewis [LE] and Sprague Dawley [SD]) which harbor different commensal microbes and which
are known to have different neointimal hyperplasia responses to carotid artery balloon angioplasty.
Sequencing of the 16S rRNA gene was used to monitor changes in the gut microbiome. There
were significant differences in neointimal hyperplasia between non-cohoused LE and SD rats 14
days after carotid artery angioplasty (mean intima+media [I+M] area .117+.014 mm? LE

vs .275+.021 mm? SD, P<.001), which were diminished by cohousing. Cohousing also altered
local adventitial Ki67 immunoreactivity, local accumulation of leukocytes and macrophages (total
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and M2), and IL-17A concentration 3 days post-surgery in each strain. Non-cohoused SD and LE
rats had microbiomes distinguished by both weighted (P=.012) and unweighted (P<.001) unifrac
beta diversity distances, though without significant differences in alpha diversity. The difference in
unweighted beta diversity between the fecal microbiota of SD and LE rats was significantly
reduced by cohousing. Operational taxonomic units that significantly correlated with average 1+M
area include Parabacteroides distasonis, Desulfovibrio, Methanosphaera, Peptococcus, and
Prevotella. Finally, serum concentrations of microbe-derived metabolites hydroxyanthranilic acid
and the kynurenine/tryptophan ratio were significantly associated with 1+M area in both rat strains
independent of cohousing.

Conclusions: We describe a novel mechanism for how microbiome manipulations affect arterial
remodeling and the inflammatory response after arterial injury. A greater understanding of the host
inflammatory-microbe axis could uncover novel therapeutic targets for the prevention and
treatment of restenosis.

Table of Contents Summary

Shifting the microbiome in rats using cage sharing and bedding mixing altered the restenosis and
inflammatory response after carotid artery balloon angioplasty. These results suggest a direct role
for gut microbiota in the arterial remodeling response after injury that occurs through modulation
of the acute inflammatory response.

Background

Neointimal hyperplasia development is a prevalent cause of restenosis after revascularization
procedures such as balloon angioplasty, stenting, and bypass surgery, affecting 20-50% of
patients in the first year after revascularization.! Arterial “injury,” as manifested by creation
of a surgical anastomosis, balloon angioplasty, or stent implantation, induces a wound
healing response that is the consequence of endothelial disruption, platelet adherence and
aggregation, and activation of an inflammatory cascade that modulates cellular migration,
proliferation and extracellular matrix production.!

In experimental rodent models, differences in neointimal hyperplasia after arterial injury
have been ascribed to genetic background, which determine extracellular matrix formation,
vascular fibroelastic content, wall fragility, and other biological processes.23 Strain-related
differences in phenotypes have also been observed in a wide variety of conditions, including
pulmonary arterial hypertension,* epilepsy, and stroke.6 We previously advanced the novel
concept that restenasis is inversely associated with intestinal-derived metabolites such as the
short chain fatty acid butyrate, which has anti-proliferative and anti-migratory effects on
vascular smooth muscle cells.”

In this study, we hypothesize that the arterial remodeling response can be modulated by
commensal gut microbes. Because of the complexity of both the microbiome and
microbiome interventions, one informed avenue for interrogating this relationship would be
to exchange microbes between rats with differing neointimal hyperplasia phenotypes and
distinct gut microbiota. Thus, changes in the arterial remodeling phenotype could then be
correlated with shifts in the microbiome.
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Methods

Experimental schema is shown in Fig 1. All experimental methods are provided in the
Appendix.

Results

Neointimal hyperplasia development after carotid artery balloon angioplasty

As anticipated from prior work by others demonstrating strain-dependent differences in
neointimal hyperplasia development,? arterial remodeling 14 days after carotid angioplasty
differed significantly between non-cohoused (NCH) Lewis (LE) and Sprague-Dawley (SD)
rats (Table I), with LE rats displaying a “resistant” phenotype to neointimal hyperplasia and
SD rats displaying a “susceptible phenotype”. Cohousing modulated these differences (Fig.
2a and 2b, Table I). Cohoused (CH) LE rats had significantly more neointima area compared
to NCH LE counterparts (.031+.006 mm2 NCH vs .047+.007 mm?2 CH, P=.005). In contrast,
CH SD rats had significantly less neointima area compared to their NCH SD counterparts
(.104+.026 mm?2 NCH vs .057+.001 mm? CH, P=.02). When we compared intima+media (I
+M) area as a measure of neointimal hyperplasia, there was a slight difference between LE
rats by housing group that did not reach statistical significance (.117+.014 mm?2 NCH

vs .130+.015 mm?2 CH, P=.08), but CH SD rats again had less 1+M area compared to NCH
SD rats (.275+.021 mm?2 NCH vs .182+.018 mm?2 CH; P<.001). Of note, there were no
instances of complete carotid thrombosis in any group. Representative photomicrographs of
hematoxylin-eosin-stained post-angioplasty carotid arteries from each rat strain and both
housing groups are shown in Fig. 2¢ (top). Of note, there was no qualitative histological
difference between the uninjured right-sided carotid arteries of LE and SD rats (Fig. 2c,
bottom).

Local arterial cellular proliferation

To determine if the observed changes in neointimal hyperplasia were due to altered cellular
proliferation in the arterial wall, we compared Ki67 immunoreactivity in the carotid arteries
of NCH and CH LE and SD rats 3 days after angioplasty. As shown in Fig. 3a, Ki67
immunoreactivity was greatest in the adventitia and least in the intima of both LE and SD
rats. There was also more Ki67 staining in the medial and adventitial layers of NCH SD rats
compared to LE rats (media: 11.944.2% NCH LE vs 24.1+4.3% NCH SD; P=.02;
adventitia: 13.0+2.7% NCH LE vs 51.5+5.6% NCH SD; P=.001). There was no significant
difference in Ki67 staining in the intimal or medial layers between the NCH and CH groups
of either rat strain. However, there was significantly more adventitial Ki67 staining in the
CH compared to the NCH LE rats (13.0+2.7% NCH vs 28.5+4.8% CH; P=.004) and
significantly more adventitial Ki67 staining in the NCH SD rats compared to the CH rats
(51.5£5.6% NCH vs 35.5+5.1% CH; P=.04), corresponding to the pattern of neointimal
hyperplasia at the 14-day time point.

Early local arterial monocyte/macrophage infiltration

Since early monocyte/macrophage infiltration to sites of arterial injury is associated with
more severe neointimal hyperplasia,3-10 we next examined CD68 immunoreactivity in each
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layer of the arterial wall 3 days after carotid angioplasty. As shown in Fig. 3b, CD68
immunoreactivity was highest in the adventitial layer of both LE and SD rats regardless of
housing group. There was less CD68 staining in the adventitial layer of NCH SD rats
compared to NCH LE rats (34.8% NCH LE vs 18.6% NCH SD; P=.02). However, the
fraction of CD68-positive cells in the adventitia did not change in the LE group after
cohousing (34.8% NCH LE vs 34.2% CH LE; P=.54). In contrast, cohoused SD rats had
much higher adventitial accumulation of CD68-positive cells compared to NCH SD rats
(18.6% NCH SD vs 28.3% CH SD; P=.004). There was no significant difference in CD68
staining in the uninjured right CCA between LE and SD rats (not shown).

Cohousing also impacted macrophage polarization in the adventitial layers after angioplasty.
M2 macrophage marker (CD206) staining was similar in the adventitia of NCH and CH LE
rats (25.4% NCH vs. 30.4% CH; P=.07) (Fig. 3b). However, in the SD rats, CD206 staining
was present in 15.4% of adventitial cells in the NCH group, which was significantly
increased (to 34%) in the CH group (P=.003). There was minimal CD206 staining in the
intimal and medial layers of both strains at the 3-day time point.

Composition of rat fecal microbiome

NCH SD and LE rats had microbiomes significantly differentiated by both weighted
(P=.012) and unweighted (P<.001) unifrac beta diversity distances, though without
significant differences in alpha diversity (P=.43). This is indicative of similarly rich
microbiota that are nonetheless distinct in composition between rat strains, as would be
expected due to controlled environmental conditions. The baseline between-strain
microbiome composition differences are summarized in Fig. 4.

Reshaping the fecal microbiome by cohousing and bedding mixing

Bedding mixing and cohousing of rats in the same treatment group reduces fecal microbial
variation between individuals via coprophagy and direct animal-to-animal contact, resulting
in increased similarity in microbial composition.1! To probe the role of commensal microbes
in regulating neointimal hyperplasia, we cohoused LE and SD rats for 4 weeks before
performing carotid angioplasty.

Over the course of the experiment, the microbial community shifted by cohousing. Although
alpha diversity and weighted unifrac beta diversity was not significantly influenced by
cohousing, unweighted beta diversity differed significantly between all groups
(PERMANOVA P<.05). This is indicative of changes in relatively rare microbes after
cohousing, rather than changes in the relative abundance of dominant taxa. Significant
differences between strains at baseline and consistently across the experiment in NCH
groups were observed in both weighted and unweighted beta diversity, indicating a distinct
microbial makeup of the 2 strains (P<.05). The difference in unweighted beta diversity
between the fecal microbiota of SD and LE rats was significantly reduced by cohousing (see
principal component analysis in Fig. 5a), showing a convergence in the microbiota along the
first principle axis (13% of variance explained). Strikingly, while an SD rat cohoused with
an LE rat became significantly more similar to LE rats, an LE rat cohoused with an SD rat
stayed more similar to LE rats than SD (Fig. 5a). This asymmetry might be attributed to a
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more stable LE microbiome, where new taxa cannot as easily take residence, and/or
behavioral differences (primarily coprophagia). To test this hypothesis, operational
taxonomic unit (OTU) co-occurrence networks were constructed via SPIEC-EASI12 for the
2 rat strains at baseline. While the 2 networks were similarly dense, measured by degree
distribution, (Fig. 5b), progressively removing nodes revealed a lower natural connectivity in
SD rats (Fig. 5¢). This is indicative of an interaction network of microbes that is relatively
similar but less robust to change; a result that corroborates the observation that the SD rat
microbiome shifts more dramatically due to cohousing.

A total of 17 OTUs were significantly different between the four animal groups (CH or NCH
LE and SD; Fig. 6), and as expected from beta diversity analysis, the majority were low
abundance taxa. Of these, Lactobacillus increased the most in CH LE rats and
Methanosphaera increased the most in CH SD rats.

Correlation of relative abundance with neointimal hyperplasia

Mantel tests of average 1+M areas with beta diversity were performed, and concomitant with
above, only unweighted beta diversity was significantly differentiated by cohousing (R=.38;
P<.001). Correlation between average 1+M area and the relative abundances of OTUs on the
day of surgery and day of sacrifice were performed; importantly, no significant difference in
microbial composition was found between the day of surgery and the day of sacrifice,
indicating recovery of the microbiome from possible perturbation due to surgery. At
sacrifice, the relative abundances of 7 OTUs were significantly different between groups and
highly significantly correlated with average 1+M area per rat (R>.55, P<.05; Fig. 7),
including Parabacteroides distasonis, Desulfovibrio, Methanosphaera, Peptococcus, and
Prevotella. Stratifying the analysis by comparing only within rat strains across housing
conditions resulted in no significant correlations at the OTU level, likely due to a loss of
statistical power and the low relative abundance of the important OTUs. Following OTU
denoising (DADAZ2), 5 subOTUs significantly correlated with I+M area and were
identifiable at >96% 16S sequence similarity via Basic Local Alignment Search Tool
(BLAST) (R>.7; P<.01; Fig. 7). These subOTUs represent individual 16S sequences instead
of multiple sequences clustered into OTUs based on similarity, which increases the
specificity of results and in some cases lead to identification of an exact microbe to culture,
at the expense of often reduced statistical power. Three of these, Muribaculum intestinale,
Peptococcus CF166, and Ruminococcus NK4A214 correlated across all groups. Two
subOTUs correlated significantly with 1+M area in SD rats alone: Ruminococcus bromii
(R=.92;P=.001) and Lactobacillus murinus (R=-.85; P=.03).

Microbe-dependent metabolites and neointimal hyperplasia

Microbe-derived components and metabolic products function as signaling molecules in a
variety of inflammatory and immune pathways. An untargeted metabolomics study
comparing plasma present in conventional and germ-free mice revealed distinct plasma
metabolite profiles between the 2 sample sets,13 implying a role for bacterial-dependent
metabolism on host-microbial interactions. Some of these metabolites were indole and
phenyl derivatives, which we previously have found to be associated with presence of
advanced atherosclerosis!4 and which, like neointimal hyperplasia, is driven by chronic
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systemic inflammation. Thus, we assessed potential associations between indole and phenyl-
derived metabolites and neointimal hyperplasia. As shown in Table I, there were significant
differences in mean serum concentration of multiple indole-derived metabolites between the
NCH LE and SD rats, including serotonin (2.8+.1 uM LE vs 4.8+.2 SD uM; P=.02),
kynurenine (.65+.03 uM LE vs 1.47+.18 uM SD; P=.02), the kynurenine/tryptophan ratio
(6.7+.5 LE vs 13.0+1.5 SD; P=.02), and hydroxyanthranilic acid (58.6£.0 nM LE vs
97.8+13.7 nM SD; P=.02). Cohousing and bedding mixing did not significantly alter the
serum concentration of any of the assessed metabolites (Table I1) despite the significant
changes in gut microbial communities described in the Results. However, when we
performed a correlation analysis between metabolite concentrations and 1+M area in the
entire rat cohort, we found significant positive correlations between the kynurenine/
tryptophan ratio (Spearman r=.60, P=.007) and 3-hydroxyanthranilic acid (Spearman r=.72;
P<.001) (Fig 8). Since the SD rats demonstrated decreased mean 1+M area upon cohousing,
we next examined whether these 3 metabolites had any correlation with 1+M area in the
subgroups of NCH and CH SD rats. There was no correlation between 3-hydroxyanthranilic
acid concentration and I+M area in either the NCH or the CH SD rats. However, in both
NCH and CH SD rats, there was a trend towards a correlation between kynurenine/
tryptophan ratio and I+M area (Spearman’s r=.81, P=.1 NCH; r=.78,P=.1 CH).

Discussion

This is a descriptive study of how cohousing genetically different rat strains resulted in
altered adult host phenotypic differences in neointimal hyperplasia development and in local
arterial inflammatory cell infiltration after carotid angioplasty as well as significant shifts in
fecal microbiota communities. These results are important because they suggest a direct role
for gut microbiota in the arterial remodeling response after injury that occurs through
modulation of the acute inflammatory response.

A striking modulation of 1+M area after angioplasty was observed in response to cohousing
and bedding mixing, especially in SD rats. While the relative contributions of genetics and
microbiome compositions to neointimal hyperplasia susceptibility are unknown, this work
demonstrates that the microbiome likely plays a strong role. The finding that CH LE rats
exhibit a relatively small change in neointimal hyperplasia as well as a relatively minor shift
in gut microbial composition supports this idea.

This difference in resistance of the microbiome to change after cohousing between SD and
LE rats may be caused by higher stability of the LE microbiome and/or a stronger selective
pressure by the host towards certain microbial consortia. The stability to loss of OTUs was
tested through attack on the occurrence networks of the baseline SD and LE microbiomes,
revealing that SD microbial networks fell apart more quickly as nodes were removed. This is
indicative of a less stable microbiome; however, further experimental tests (e.g., longitudinal
data as the microbiomes are being shifted) are needed to expand on this result. Other
investigators have demonstrated that co-housing mice of different strains led bacterial
communities to be more similar to each other, but strain-specificity was retained,1® as we
also observed. Though there have been some experiments on comparisons and
manipulations of LE and SD microbiomes,6 the compositional and functional differences of
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these strains’ microbiota continues to be underexplored given their potentially large effects
on study outcomes. This is further confounded by handling and cage effects, which also
remain understudied.1” Nonetheless, by focusing on changes in microbiota from a known
starting point and following perturbations such as cohousing longitudinally, these
confounders can be partly mitigated.

We observed several notable associations between specific microbial strains, neointimal
hyperplasia, and inflammation that can serve as hypothesis-generators for future studies.
There was increased M2 macrophage infiltration in the adventitia of CH SD rats compared
to NCH SD rats at the 3-day time point (P=.003), which corresponded with increased
relative abundance of Parabacteroides distasonis in the CH group and with attenuated
neointimal hyperplasia. Notably, P, distasonis relative abundance in all groups strongly
negatively correlated with I+M area (r=-.69). Prior work by others has shown that oral
administration of 2. distasonis has an anti-inflammatory effect in a mouse model of acute
colitis, and that its antigens decrease pro-inflammatory cytokine production macrophages /n
vitro.18 Thus, this commensal organism may modulate innate immunity mechanisms to
attenuate neointimal hyperplasia, a process initiated and potentiated by inflammation.
Alternatively, £ distasonis may exert its effect via adaptive immunity mechanisms.
Treatment of mice with £ distasonis increased the number of FoxP3+ regulatory T cells
(Tregs),1® which may represent a change in the balance of Treg-TH17 cells required for
commensalism.1® TH17 cells produce I1L-17A, which mediates pro-inflammatory responses
and was observed in our study to be significantly higher in NCH SD than in NCH LE SD
rats at 3 days (P=.04) (data not shown), corresponding with greater neointimal hyperplasia in
the NCH SD rats. Furthermore, IL-17A was significantly lower in CH SD rats compared to
NCH SD rats (P=.04) (data not shown), corresponding to attenuated neointimal hyperplasia.
IL-17A has also been shown to stimulate vascular smooth muscle cell migration and MMP9
expression /n vitro,20 cellular processes which are relevant to neointimal hyperplasia.

We observed a negative correlation between Prevotella relative abundance and 1+M area
across all groups (R=-.59). Prevotella is one of the predominant genera in the Bacteroidetes
phyla. Prevotella relative reduction has been associated with atherosclerotic disease in
humans, another chronic inflammatory disease,?! and with hypertension.22 However,
Prevotella abundance has also been associated with increased TH17 immune responses,
mucosal inflammation, and systemic dissemination of inflammatory mediators.23 These
conflicting data suggest a likely complex host-Prevotella relationship, especially since
species-specific roles of Prevotella exist.

We also found a significant negative association between Methanosphaera (R=-.72) and
conflicting associations between Desulfovibrio (R=.70 and =-.59) and 1+M area across all
groups. Desulfovibrio reduce sulfate to produce hydrogen sulfide,24 while Methanosphaera
utilize hydrogen to reduce methanol to methane.2®> Hydrogen sulfide has been shown to have
a protective effect on restenosis in atherosclerotic rabbits26 and in balloon-injured rats,2’ but
given the complex relationship of hydrogen balance to host homeostasis,?? it is not
surprising that different Desu/fovibrio OTUs correlate with 1+M area in different directions
and magnitude.

J Vasc Surg. Author manuscript; available in PMC 2021 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cason et al.

Page 8

Ruminococcus bromii, which had a strong positive correlation with 1+M area in the SD rats,
is a specialized “keystone” organism that can degrade certain forms of resistant starch to
short chain fatty acids.2% We previously demonstrated an inverse relationship between serum
butyrate concentration in antibiotic-treated LE rats and neointimal hyperplasia after carotid
angioplasty and a potential direct anti-migratory and anti-proliferative effect on vascular
smooth muscle cells.” Others have observed attenuated LPS-induced neuroinflammation in
rats given supplementary dietary acetate,30 another major short chain fatty acid. In contrast,
acetate is a pro-inflammatory mediator in hepatitis3! and cultured gastric adenocarcinoma
cells.32 These data suggest a tissue-specific effect for acetate whose role in inflammatory
processes needs further clarification.

Finally, Muribaculum intestinale, which also had a strong positive correlation with 1+M area
(R=.8), is a relatively newly isolated member of mouse gut bacteria33 whose functional
effect on the host is not yet known. Similarly, the functional significance of the genus
Peptococcus, gram-positive anaerobes that negatively correlated across all groups with 1+M
area, is unknown. However, glycosulfatase-like enzymes have been found in Peptococcus
niger, pointing towards another possible sulfur-driven role in neointimal hyperplasia
reduction. L. murinus, which had a negative correlation with I1+M area, has been observed to
modulate Th17 cells in salt-sensitive hypertension.34

We observed strong correlations between neointimal hyperplasia and microbe-derived
metabolites kynurenine/tryptophan ratio and 3-hydroxyanthranilic acid. However, given the
diverse effects of gut microbes on host physiology,3® it is not surprising that there may be
multiple mechanistic pathways which are both overlapping and distinct. The kynurenine
pathway accounts for the catabolism on 99% of ingested tryptophan not used for protein
synthesis. 3¢ Upon entering the kynurenine pathway, tryptophan is converted to N-formyl-I-
kynurenine by indole-2,3-deoxygenase (IDO1) (ubiquitously expressed) and then to
kynurenine. IDO1 is known to be upregulated by interferon-gamma, IL-2, and IL-10 activity.
The kynurenine/tryptophan ratio, which is an index of IDO1 activity, has been found to be
elevated in states of immune stimulation, such as infection, and endotoxin administration.
37.38 Downstream kynurenine catabolites including 3-hydroxyanthranilic acid reduce Thi
and Th17 responses and affect T cell apoptosis.3?40 Thus, as neointimal hyperplasia an
inflammatory process, it is conceivable that there is a strong positive correlation with
kynurenine/tryptophan ratio and 3-hydroxyanthranilic acid, as we observed.

This study’s strengths lie in its experimental design, which demonstrates that exchange of
microbes in adult rats is sufficient to incur changes in acute arterial inflammation and
downstream neointimal hyperplasia. Our findings also add to a growing body of literature
linking gut microbiota to the peripheral vasculature, specifically atherosclerosis, arterial
stiffness, blood pressure, and endothelial function.#1-44 While we did not obtain direct
mechanistic data linking specific microbial strains with macrophage polarization or
neointimal hyperplasia development, we identified several bacterial strains that correlated
highly with neointimal hyperplasia severity that can be the subjects of future focused
interventions. Furthermore, certain biomarkers and microbe-derived metabolites such as
hydrogen sulfide compounds might also be targeted based on our data. For example,
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metagenomic studies that could differentiate and categorize the Desulfovibrio strains and
correlate marker genes with metabolites are in the immediate future plan.

Limitations of this study include its descriptive nature, which precludes any inference of
causality by gut microbiota or microbe-derived metabolites, since correlative microbiota and
metabolite data from organismal systems will not give a true picture of which microbiota
contribute to specific metabolic pathways. While we examined differences in local cell
proliferation and inflammatory cell accumulation between the NCH and CH groups, we did
not characterize differences in cell-specific proliferation, vascular smooth muscle cell
phenotypes, extracellular matrix content, thrombosis, endothelial function, and oxidative
stress, although all these measures would deepen our understanding of poorly understood
microbial-driven responses in the peripheral vasculature. In addition, while our use of CD68
as a pan-macrophage cell marker and CD206 as a marker of M2 macrophages is supported
by recent literature,*>47 we also recognize that macrophage polarization is likely not binary
and is controlled by multiple genes.*8 Thorough characterization of macrophage polarization
in relation to our observed microbiome changes would require detailed analysis of source of
macrophages, definition of activators, and description of multiple cellular markers,® which
would be beyond the scope of this exploratory study but well within our plans for future
mechanistic studies. This detailed assessment of macrophage activation would also include
assessment of alternatively activated adventitial macrophages.>? Finally, we did not explore
the possibility that other microbiomes, such as the oral, skin, or urogenital microbiomes, and
not just the fecal microbiome, have a role in the vascular and inflammatory phenotypes that
we observed.

Conclusions

Appendix
Methods

In summary, these data presented in this exploratory study argue for in-depth mechanistic
studies into a novel mechanism for how microbiome manipulations affect arterial
remodeling after injury and for disentanglement of the genetic versus microbial mechanisms
for neointimal hyperplasia and, more generally, for immune function. Furthermore, we
demonstrate that cohousing and bedding mixing, which are relatively easily undertaken
experimental methods, are a valuable starting point for focused interventions.

Experimental rats

Eight-week-old male Lewis Inbred (LE) and Sprague-Dawley (SD) male rats obtained from
Envigo (Indianapolis, IN) were housed in a barrier facility at Northwestern University under
a 12-hour light cycle. Standard irradiated rat chow and autoclaved drinking water were
provided ad libitum.

Study design

In order to equilibrate initial animal housing conditions, bedding (including stool pellets)
from all cages within one strain were intermixed 3 times per week for 2 weeks. A cohort of
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LE and SD rats were then cohoused (CH) (separated and then re-caged with the opposing
strain), while a separate cohort of LE and SD rats (non-cohoused [NCH]) remained in cages
segregated by rat strain (see experimental schema in Fig. 1). Bedding intermixing continued
thereafter among cages in the same housing groups. After four weeks, all animals underwent
left carotid artery balloon angioplasty; the right carotid artery served as the uninjured control
artery. Animals were sacrificed for tissue and blood collection either 3 or 14 days after
carotid angioplasty. Serum was immediately prepared from blood using serum separator
tubes (BD, Franklin Lakes, NJ) and frozen at —80°C in single use aliquots until use. Animals
were weighed on arrival and weekly thereafter. Stool samples were collected upon arrival to
the animal facility, prior to the cohousing period, 2 weeks after the start of the cohousing
period, on the day of carotid angioplasty, and on the day of sacrifice. Freshly collected stool
pellets were immediately frozen and stored at —80°C until use.

Rat carotid artery balloon angioplasty, tissue processing, and morphometric analysis

Antibodies

After induction of general anesthesia with isoflurane, all animals underwent left carotid
artery balloon angioplasty using a 2-French Fogarty catheter (Edwards Lifesciences, Irvine,
CA) as previously described.! The balloon catheter is positioned in the distal common
carotid artery just proximal to the carotid bifurcation. At the appropriate time point, rats
were euthanized and /n situ perfusion fixation with phosphate-buffered saline (PBS) and 2%
paraformaldehyde was performed prior to harvest of both carotid arteries. Arteries were
fixed in 2% paraformaldehyde at 4°C for 1 hour followed by overnight cryoprotection in
30% sucrose at 4°C and then embedded in OCT compound (Tissue-Tek, Sakura Finetek,
Torrance, CA). Whole blood was collected by cardiac puncture prior to perfusion fixation at
the time of sacrifice. Serum was isolated and stored at —80°C until use.

Serial 5-um frozen sections were collected on Superfrost Plus slides (Fisher Scientific,
Pittsburgh, PA) from the carotid bifurcation to the distal common carotid artery over a total
distance of approximately 4 mm (corresponding to the entire angioplastied segment), air
dried, and stored at —20°C. Carotid arteries were examined for neointimal hyperplasia after
hematoxylin-eosin staining of artery sections at evenly-spaced 350-uM intervals. Digital
images of stained sections were obtained using a Leica DM2000 light microscope with a
20x objective and camera (W. Nuhsbaum, Inc., McHenry, IL). Intima and media area were
measured using ImageJ software (NIH, Bethesda, MD) after calibration.

Rabbit polyclonal antibody to Ki67 (ab15580) and CD206 (ab64693) were purchased from
Abcam (Boston, MA). Mouse monoclonal antibody to CD68 (MCA341R) was purchased
from Bio-Rad (Hercules, CA). Secondary antibodies were Alexa Fluor 555 goat anti-rabbit
IgG and AlexaFluor 555 goat anti-mouse IgG from Invitrogen (Waltham, MA).

Immunofluorescence and quantification of staining

Frozen sections were outlined using ImmEdge hydrophobic barrier pen (Vector Labs,
Burlingame, CA), rehydrated, fixed in 2% paraformaldehyde for 20 minutes, washed with
PBS, incubated with the primary antibodies diluted in IHC-Tek diluent pH 7.4 (IHC-World,
Woodstock, MD) for 1 hour at room temperature, washed in PBS, incubated with the
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appropriate secondary antibody diluted in IHC-Tek diluent pH 7.4 for 1 hour at room
temperature, washed in PBS, and mounted with ProLong Gold Antifade mountant with
DAPI (ThermoFisher Scientific, Waltham, MA). Primary antibodies were used at the
following concentrations: Ki67, 2 ug/mL; CD68, 1 ug/mL; CD206, 1 ug/mL. AlexaFluor
555 goat anti-rabbit 1gG secondary antibody was used at 4 ug/mL for Ki67 and CD206 and
AlexaFluor 555 goat anti-mouse IgG secondary antibody was used at 2 pg/mL for CD68.

Digital images were acquired using a Nikon Eclipse 50i microscope (Nikon Instruments,
Inc., Melville, NY) with a 20x objective and equipped with DAPI, Texas red, and FITC
emission filters, SPOT Advanced Imaging Software (Diagnostic Instruments, Sterling
Heights, MI), and RTTM KE Color 3-Shot digital microscope camera (Diagnostic
Instruments). Positively stained cells and DAPI-stained nuclei in the intimal, medial, and
adventitial layers of each high-powered field were manually counted in a blinded fashion
and a ratio of stained cells per total cells was calculated. At least six high-powered fields per
animal sampled from evenly-spaced sections and five or six animals per treatment group
were examined.

Genomic DNA extraction from fecal samples

Stool pellets were collected and stored at —80°C until processing. 100 mg of stool pellets
were used for microbial DNA extraction with the DNeasy Powersoil HTP 96 kit (Qiagen,
Germantown, MD). The following modifications were made to the manufacturer’s protocol:
after samples, the bead solution, and the C1 solution were added to the bead plate, the plate
was partially submerged in a water bath for 20 minutes at 60°C, followed by a 20-minute
shaking step on a MM 400 plate shaker (Retsch, Haan, Germany). The manufacturer’s
protocol was then followed to obtain clean DNA.

16S rRNA gene amplification and sequencing

The V4 region of the bacterial 16S rRNA gene was amplified using the Earth Microbiome
Project primer set (515f-806r).2 Each 25 pl PCR reaction contained 12.5 pl of AccuStart Il
PCR ToughMix (Quantabio, Beverly, MA), 1 ul of 5 uM forward primer, 1 ul of 5 uM
reverse primer, 9.5 ul of water, and 1 pl of DNA extraction. The PCR program was 94°C for
3 minutes to denature the DNA, with 35 cycles at 94°C for 45 seconds, 50°C for 60 seconds,
72°C for 90 seconds, and then a final 72°C step. Amplification was quantified using
Picogreen (Invitrogen, Carlsbad, CA), and each sample was pooled at 70 ng per sample.
Pools were cleaned using Agencourt AMPure XP beads (Beckman Coulter, Indianapolis,
IN), and the clean pools combined. This final pool was quantified and sent to the
Environmental Sample Preparation and Sequencing Facility (ESPSF) at Argonne National
Laboratory for sequencing on an Illumina Miseq using V3 chemistry, following the Earth
Microbiome Project protocol.3

Sequence data handling and analysis

Raw 16S reads were demultiplexed, chimera and phiX filtered through the Qiime2 pipeline?
and denoised with DADA2.# The resulting representative sequences were aligned and
masked with MAFFT.> A phylogenetic tree was constructed via FastTree2.5 Samples were
subsequently clustered and taxonomically classified into operational taxonomic units
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(OTUs) with Qiime2 utilizing the greengenes 99% database.” Samples were filtered by
globally removing OTUs with minimum count fractions of .001. Differences in relative
abundances were calculated via bootstrapped Kruskal-Wallis tests (999 permutations) for
multiple group comparisons. Correlations of metadata with OTU abundances were
calculated as Spearman’s rank correlations with raw P values determined via bootstrapping
(1000 permutations). All reported P values are Benjamini-Hochberg false discovery rate
(FDR) corrected for multiple comparisons. Diversity metrics were calculated after rarefying
reads at a depth of 20,000 sequences. Beta diversity was calculated as unweighted® and
weighted® unifrac distances. Faith’s Phylogenetic Diversity was used to measure alpha
diversity.10 Beta diversity correlations with metadata were calculated by Mantel test (999
permutations). OTU co-occurrence networks were created with SPEIC-EASI.11 SubOTUs
were taxonomically assigned via the NCBI Basic Local Alignment Search Tool (BLAST)
web interface.12

Detection and quantification of serum metabolites by high performance liquid
chromatography (HPLC)-tandem mass spectrometry

P-cresyl sulfate (PCS), hippuric acia, indole-3-propionic acid (13P), tryptophan (trp),
kynurenine (kyn), indoxyl sulfate (1S), and serotonin. Fifty pL of serum and internal
standards (n-methyl serotonin and p-toluene sulfonic acid) were prepared as previously
described and analyzed using tandem mass spectrometry (MS/MS) using an Agilent HPLC-
MS/MS system with a 6400-series triple quadrupole (QQQ) mass spectrometer described in
detail previously.13 /ndole, indole-3-aldehyde (13A), and 3-hydroxyanthranilic acid. Samples
were prepared from 50 pL of serum by solid-phase extraction and analyzed by an API 3000
HPLC-MS/MS system (Applied Biosystems, Foster City, CA) equipped with an Agilent
1100 series HPLC system (Agilent Technologies) operating in positive ion mode as
described in detail previously.13

Statistical analysis

Morphometric and metabolite data analysis was carried out using GraphPad Prism 6
(GraphPad Software, La Jolla, CA). Student’s t-test and Mann-Whitney U-tests were used as
appropriate. Spearman’s rank-order correlations were used to measure the strength and
direction of the association between metabolite concentrations and neointimal hyperplasia.
P<.05 was considered statistically significant.
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Article Highlights
Type of Research:
basic science
Key Findings:
Exchange of fecal microbiota resulted in alteration of neointimal hyperplasia phenotype
and acute arterial inflammatory response after carotid angioplasty in rats

Take home Message:

Microbiome manipulation can affect arterial remodeling and the inflammatory response
after arterial injury. A greater understanding of the host inflammatory8microbe axis could
uncover novel therapeutic targets for the prevention and treatment of restenosis.

J Vasc Surg. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cason et al.

Page 18

Clinical Relevance

Neointimal hyperplasia as a cause of arterial restenosis after vascular interventions such
as balloon angioplasty, stenting, and bypass surgery is a highly prevalent problem. Our
goal is to ascertain the role of gut microbiota in mediating inflammatory and cell
proliferative pathways that drive neointimal hyperplasia. The purpose of this study is to
determine if the exchange of microbes between rats with differing neointimal hyperplasia
phenotypes and distinct intestinal microbiota could alter the arterial remodeling
phenotype after angioplasty. Our observations provide a starting point for focused
microbiota-related interventions to prevent or treat neointimal hyperplasia.
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Fig. 1.

Experimental schema. Bedding mixing among cages of similar rat strains (Lewis [LE] and
Sprague-Dawley [SD]) was carried out for 2 weeks. Thereafter, rats were divided into
cohoused and non-cohoused groups for 4 weeks, followed by carotid angioplasty and then
sacrifice at either 3 or 14 days post-angioplasty. Bedding mixing was also carried out within
housing groups during this time. Stool samples were collected at time points designated on
the left.
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Fig. 2.

Neointimal hyperplasia 14 days after carotid angioplasty in NCH and CH LE and SD rats. a
Differences in mean intima + media area (mm? = SEM) along the entire length of the
angioplastied carotid artery in NCH (solid lines) LE (“resistant” to neointimal hyperplasia)
and SD rats (“susceptible” to neointimal hyperplasia) were attenuated upon cohousing
(dotted lines). b Mean intima and media area (mm?2 + SEM) of NCH and CH LE and SD rats
were compared between all groups. *, P<.001; Mann-Whitney U test. ¢ Representative
cross-sectional photomicrographs of NCH and CH LE and SD rat carotid arteries after
carotid angioplasty after H+E staining (top). Un-injured right (control) carotid artery
sections are grossly similar (bottom). L, orientation of the arterial lumen. Original
magnification 40x. Scale bar, 50 M. N=4-6 rats per group.
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Fig. 3.
Local arterial cell proliferation and arterial accumulation of monocytes/macrophages 3 days

post-angioplasty. a Representative immunofluorescence for Ki67 in carotid artery sections of
left LE NCH, LE CH, SD NCH, and SD CH rats. b Representative immunofluorescence for
CD68 and CD206 in carotid artery sections of left LE NCH, LE CH, SD NCH, and SD CH
rats. Negative isotype control (NEG) is also shown. Red represents positively stained cells.
Blue represents DAPI nuclear counterstain. Green represents autofluorescence of elastin.

CD206/DAPI/
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Lumen of artery (L) is oriented towards the bottom for all sections. Original magnification
200x. Scale bar 50 uM.
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Fig 4.

Rglative abundances of differentially abundant operational taxonomic units (OTUs) at
baseline, prior to cohousing. Relative abundances were defined by the Benjamini-Hochberg
multiple comparison corrected Kruskal-Wallis test with FDR P < .05 using samples
collected prior to any microbiome manipulations.

J Vasc Surg. Author manuscript; available in PMC 2021 April 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Cason et al.

Page 24

a
3 02 © o 2% & o° e LENCH
© °
£ 01] oo % f:f © %® o LECH
5 8 o, % e+ SDNCH
3001 ¢« ° ¥ % oo o SDCH
© LI o o
£ .01 WS & ° coge oo
E o 'o% Nt o So’
T o2l—
«° N é‘oq 'b(;ﬁ &
& & L &
F L
bo 2 S
& &P
S
(¢}
b 0.251 ——LE
——S8D
0.20+
0.15
Frequency \
0.10 - \
/ \\TO
0.05 | /1 \
a/’:/ O‘\\O\\o
0.00 4—o—o0—o0—og=eZ 0" °
0 5 10 15 20
Degree
C 0.013-
0.012+
0.011-
Natural connectivity 0.010-
0.009-
0.008+
0.007+

0.0 0.2 0.4 0.6 0.8
Proportion of removed nodes

Fig 5.

M?crobial diversity shifts between experimental timepoints and possible basis in baseline
microbiome stability. a Principal coordinate analysis of unweighted unifrac beta diversity of
microbiome samples in both strains and housing groups across sampling times. The first
component (principal coordinate 1) is shown and explained 13% of the total variance. b
Degree distribution of the OTU co-occurrence graph created by SPIEC-EASI on baseline
time point samples. Both SD and LE rats show similar distributions, indicating similar
network density. ¢ Natural connectivity as a function of proportion of removed nodes of
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OTU co-occurrence network of SD and LE rats at baseline time point. The connectivity, as
defined by the eigenvalue of the adjacency matrix of the shrinking graph, accesses the
stability of the network, which becomes lower in the SD rats as nodes are removed.
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Fig 6.

Rglative abundances of OTUs differentially abundant across experimental groups at the time
of sacrifice. Relative abundances were defined by raw 16S read counts and differences
between groups found by the Benjamini-Hochberg multiple comparison corrected Kruskal-
Wallis test with FDR P<.05.
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Fig 7.

Bgnjamini-Hochberg multiple comparison corrected Spearman’s r correlations of specific
OTUs and subOTUs with average I+M area with FDR P<.05. Gray bars indicate correlations
at the OTU level, black at the subOTU level as defined by DADA?2 denoised, Basic Local
Alignment Search Tool (BLAST) assigned individual sequence variants, and red at the
subOTU level only comparing within groups of SD rats. All other correlations are across all
rat groups.
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Spearman’s r=.72
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Spearman’s r correlations of microbe-derived metabolites with neointimal hyperplasia (mean
intima+media area [mm?2]) in all rats irrespective of strain or housing group. N=16-20
samples.
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Morphometric data of angioplastied carotid arteries at 14-day time point.

Page 29

Intima area (1) P value P value Media area (M) | P value P value P value
(mm?) (mm?)
LE NCH vs. SD NCH vs. LE NCH vs. SD NCH vs.
CH CH CH CH
LE NCH .031+.006 <.001 .005 .02 .086+.010 <.001 .07 .01
SD NCH .104+.026 .171+.009
LE CH .047+.007 .02 .083+.009 <.001
SD CH .057+.001 .125+.011
1+M (mm?) P value P value 111+M P value P value P value
LE NCH vs. SD NCH vs. LE NCH vs. SD NCH vs.
CH CH CH CH
LE NCH 117+.014 <.001 .08 <.001 .265+.034 .02 .003 .37
SD NCH .275+.021 .378+.070
LE CH .130+.015 <.001 .360+.034 .23
SD CH .182+.018 .313+.047

All areas expressed as mean + SEM. N=4-6 rats/group. P values < .05 are denoted in bold.
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Serum metabolite concentrations in NCH and CH LE and SD rats.

Page 30

Metabolite LE P value SD P value P value LE NCH vs. SD
NCH CH NCH CH
Indole (uM) .35+.07 .34+.03 .99 44+.08 .52+.03 45 .78
Tryptophan (mM) 98.2+4.3 | 112.3+5.8 .06 116.2+17.7 | 143.9+235 43 91
Serotonin (uM) 2.8+.1 24+.1 .06 48+2 4.4+5 50 02
Kynurenine (M) 65+.03 | .58+.06 78 1.47+.18 2.00+.21 .08 02
Kynurenine/tryptophan ratio 6.7+.5 5.1+5 A1 13.0+1.5 14.8+1.6 .66 .02
Indole-3-propionic acid (uM) 5.1+.6 4.8+.7 .90 6.2+.7 7.9+.8 .18 .56
3-Hydroxyanthranilic acid (nM) 58.6+0 41.7+13.0 .99 97.8+£13.7 | 108.9+234 .37 .02
Hippuric acid (uM) 3.8+.2 4.6+.7 19 5.6+1.9 4.4+7 66 29
Indoxyl sulfate (LM) 4.6%.2 5.4+.5 .19 5.1+5 7.0+£.9 .25 .56
P-Cresyl sulfate (uM) 1.18+.36 1.20+.27 .90 .92+.32 .92+.46 79 .56

All areas expressed as mean + SEM. P values < .05 are denoted in bold.
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