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Summary

The microbiome plays a key role in the maintenance of health, as well as in the pathogenesis of various
diseases including hypertension and cardiovascular disease. The global aim of my thesis was to
understand the role of bacteria in hypertensive organ damage, and to develop a new method for the

precise phenotyping of proteins and microbiota-derived metabolites within the Gl tract.

To address the former, | used germ-free mice (GF), which are devoid of bacteria, to investigate if bacterial
colonization modulates the response to a hypertensive stimulus. Compared with fully colonized (COL)
mice, hypertensive GF mice showed significantly more severe renal damage, which was associated with
increased systemic and local inflammatory responses. The hypertension-induced differences in the heart
were less pronounced than in the kidney. Furthermore, metabolites within the serum from these mice
showed broadscale differences elicited by hypertension in GF and COL mice. These results highlight that
the presence of intestinal bacteria and bacterially produced metabolites, in particular short-chain fatty
acids, inhibits inflammatory responses and hypertension-induced organ damage. These findings
emphasize the importance of the homeostasis between the host and its colonizing microbes in

hypertensive disease.

Next-generation sequencing (NGS) and metabolomics analyses from fecal samples are typically used to
characterize the dysbiotic state, providing an inventory of the microbes or microbial products. Both serum
and fecal measurements present challenges because they are indirect measurements of the compartment
of interest, the microenvironment of the gastrointestinal (Gl) tract in the host. The prevailing hypothesis
within the field is that metabolites and small molecules in the Gl tract, which can be either host- or
microbially-derived, impact the polarization and function of immune cells, thereby impacting
inflammation in the gut and in distal organ systems (e.g., the heart and the kidney). Currently, no direct
methods are available to evaluate the microenvironmental signature which is presumed to exist within
the interstitial fluid (IF) of the Gl tract. | applied two known methods to isolate the IF from the Gl tract, to
directly assess the local microenvironment at the site-of-action. Here | have shown that the isolation of
Gl IF reflects a unique compartment which had previously been largely uncharacterized. The IF from both
rats and mice was found to contain elevated levels of SCFA within the lower intestinal segments, whereas
the levels in the upper Gl tract were not different from serum. | was also able to identify proteins which

were specific to a given Gl region (e.g., REG3G, LGALS1) within the IF using two independent methods.

15



In conclusion, with these newly established methods for obtaining IF from different segments in the
intestine, it is now possible to characterize the intestinal micromilieu in detail. In the future, IF isolation

may facilitate a better understanding of the host’s interactions with the microbiome in health and disease.
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Zusammenfassung

Das Mikrobiom spielt eine wichtige Rolle beim Erhalt der Gesundheit, wie auch bei der Pathogenese
verschiedener Erkrankungen u.a. bei der Entstehung von Bluthochdruck und kardiovaskularen
Erkrankungen. Hauptziel meiner Doktorarbeit war zum einen die Untersuchung des Einflusses von
Bakterien bei hypertoniebedingten Organschdaden und zum anderen die Entwicklung einer neuen
Methode zur Charakterisierung von mikrobiotaproduzierter Proteine und Metabolite im Interstitium des

Darmtraktes.

Zur Untersuchung der Rolle von Bakterien bei hypertoniebedingten Organschaden wurden keimfreie
Mause, welche keinerlei Bakterien besitzen, verwendet und Uberprift inwieweit sich das Fehlen von
Bakterien bzw. eine Rekolonisierung der Bakterien (Wiederherstellung eines Vollflorazustandes) bei
hypertoniebedingten Organschdaden auswirkt. Verglichen zum Vollflorazustandes zeigten hypertone
keimfreie Mduse einen signifikant stdrker ausgeprdgten Nierenschaden, der mit einer verstarkten
systemischen und lokalen Entziindungsreaktion einher ging. Die Schadigung des Herzens aufgrund des
Hypertonus war weniger ausgepragt als der Nierenschadigung. Die Serummetabolitensignaturen waren
in beiden hypertensiven Versuchsgruppen signifikant verandert. Diese Ergebnisse verdeutlichen, dass das
Vorhandensein von Darmbakterien, insbesondere die bakterienvermittelte Bildung von kurzkettigen
Fettsduren, und deren Homeostase mit dem Wirt die Entziindungsreaktionen und die hypertoniebedingte

Organschadigung hemmt, was deren Bedeutung fir hypertensive Organschadigung verdeutlicht.

Um die Bakterienzusammensetzung bzw. das Muster der bakteriengebildeten Metabolite (Metabolom)
zu charakterisieren, setzt man aktuell ,Next-generation Sequenziertechniken” (NGS) bzw.
Massenspektrometrie bei Stuhlproben ein. Diese Ansdtze eignen sich, um Rickschlisse auf einen
dysbiotischen (nicht gesunden) Zustand zu erhalten. Untersuchungen von Blut- und Stuhlproben sind aus
unterschiedlichen Griinden nicht unproblematisch, da sie beide nur indirekt auf das lokale Geschehen im
Darmmikromilieu abzielen. Die vorherrschende Hypothese im Forschungsgebiet postuliert, dass lokal
produzierte Proteine, Metabolite und kleine Molekiile, welche sowohl durch Bakterien als auch den Wirt
gebildet sein kdnnen, einen direkten lokalen Einfluss auf Immunzellfunktion im Darm und nachgeschaltet
auf das Entziindungsgeschehen in entfernten Organen (wie z.B. Herz und Niere) haben. Aktuell stehen
keine Methoden zur Analyse des Mikromillieus des Interstitiums des Darms zur Verfiigung. Um die Liicke
zu schlieBen, wurden zwei Methoden verwendet, welche bereits zur Gewinnung von interstitieller

Flussigkeit anderer Organe/Gewebe eingesetzt werden. Diese wurden mit dem Ziel der Anwendbarkeit
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bei Darmgewebe weiterentwickelt. In der eingereichten Arbeit konnte gezeigt werden, dass eine Isolation
von interstitieller Flussigkeit verschiedener Abschnitte des Diinn- und Dickdarms maoglich ist und es
segmentspezifische Unterschiede gibt, die bisher nicht direkt messbar waren. Die interstitielle Flissigkeit
des Dickdarms von Mausen und Ratten enthielt unter anderem signifikant hohere kurzkettigen Fettsaure-
Spiegel als die des Diinndarms oder des Bluts. Mittels Proteomanalysen konnte mit beiden neu
entwickelten Methoden gezeigt werden, dass Markerproteine wie REG3G und LGALS1 segmentspezifisch
vorhanden sind. Darliber hinaus zeigten die Etablierungsversuche, dass die Methodik die Integritat des

biopsierten Darmgewebes nur unwesentlich beeinflusst.

Zusammenfassend kann festgestellt werden, dass mit den neu etablierten Methoden zur Gewinnung von
interstitiellen Fllssigkeiten aus verschiedenen Segmenten des Darms, es nun moglich ist, das
Darmmikromillieu detailliert zu charakterisieren. Des Weiteren konnen dadurch neue Erkenntnisse des
Kompartiments bei der Pathogenese von Erkrankungen, aber auch beim Erhalt der Gesundheit gewonnen

werden.
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1. Introduction

1.1 The global burden of hypertensive disease

1.1.1 Hypertension and human health
Hypertension is the most prevalent risk factor for cardiovascular disease and all-cause mortality globally.*
Worldwide the prevalence of hypertension is 31.1%%, although in industrialized countries rates can be
over 50%?, depending on sex, age group and country of origin. The human cost and the financial burden
of hypertension are nontrivial. In 2001, the cost of high blood pressure (BP) was estimated to be around
10% of the total healthcare cost globally®. Hypertension is classically defined as an increase in BP which is
consistently elevated above a threshold level of 140/90 mm Hg?, though some believe that the threshold
should be even lower to reduce the risk of complications.® Essential (primary) hypertension, or
hypertension without a discernable cause, is the most common form of the disease, accounting for more
than 90% of cases.® Secondary hypertension is, as implied, secondary to an identifiable source or trigger,
such as an endocrine disorder, or use of certain types of medications (e.g. oral contraception).®
Hypertension is often called the “silent killer” because most patients are asymptomatic, although the long-
term consequences of untreated hypertension are anything but silent and include the development of
various kidney, heart, and vascular maladies.> ® It has been suggested that hypertension could be
managed well in 90% of patients with combination therapy using first-line drugs like thiazide diuretics,
calcium antagonists, angiotensin converting enzyme (ACE) inhibitors, or angiotensin receptor blockers
(ARBs).* Patients whose blood pressure can not be brought under control using traditional drug therapy
have treatment resistant hypertension. Although it is difficult to estimate the true number of treatment
resistant patients, some have suggested that this affects between 12 to 30 % of patients” 8, suggesting
that a wide treatment gap exists despite all that is known about the disease. Indeed, the National Health
and Nutrition Examination Survey found that the percentage of treated hypertensive patients that had
their blood pressure under control was only 53% (<140/90 mm Hg).® ° Barriers to treatment are still
significant worldwide and in industrialized countries.’® Because cost and treatment availability are major
barriers to treatment in the developed world?, continued discovery of novel and cost-effective treatment

strategies is required.

Hypertension is known as a multifactorial disease state, where several mechanisms typically co-occur to
lead to a persistent increase in BP. The Mosaic Theory, proposed by Dr. Irvine Page in 1949, originally

included the participation of four key features in the pathogenesis of hypertension; the heart, kidney,
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nervous and endocrine systems.!! The theory has been adapted over the years to include a diverse range
of disease mechanisms including environmental determinants, genetic causes, and hemodynamic
factors.® The renin-angiotensin-aldosterone system (RAAS) has long been known to influence the
pathogenesis of hypertension. While the intricacies of the RAAS system are outside of the scope of this
thesis, importantly, Angiotensin Il (Ang Il) is one of the active molecules produced during RAAS
activation.*? Two of the four first-line drugs (ACE inhibitors and ARBs) which are effective in reducing BP
are meant to directly block RAAS activation.!®* Ang Il has high utility for experimentalists, because infusion
with Ang Il is a potent inducer of experimental hypertension in animal models.'* More recently immune
mechanisms of hypertensive disease have garnered significant attention. Immune cells such as T helper
cell subtypes Tyl7 (producing interleukin (11)-17) and Tyl (producing IFNy), regulatory T cells (Treg),
macrophages, and myeloid-derived suppressor cells (MDSCs) have all been implicated as either positive
or negative regulators of hypertensive disease pathogenesis.>® As our understanding of the microbiome
and its intimate relationship with immune cells in the gut has expanded, the microbiome has also emerged
as a promising target for the development of novel hypertension treatment strategies.’® The microbiome

and immunity in the context of hypertension will be elaborated on in section 1.3.

Lifestyle factors have long been known to play a role in the development of hypertension.'® Lifestyle
factors like dietary salt intake, diets low in fruit and vegetables, and physical inactivity are all known to
worsen the severity of disease.'® A recent review identified at least 27 different dietary factors which have
been associated with hypertension.'” Dietary salt reduction, weight loss (per 10 kg) and switching to a
healthy diet (Dietary Approaches to Stop Hypertension otherwise known as the DASH diet) are known to
improve the BP by 2-8, 5-20 and 8-14 mm Hg, respectively.° Even a modest reduction of 2 mm Hg in BP
is known to decrease overall CVD mortality by 7%.2> ¥ As mentioned above, there exists a treatment gap
in hypertension which many have suggested should be targeted using lifestyle interventions, especially in
low-resource settings.’® Unfortunately, compliance to lifestyle modification programs is often a
challenge.’ Nevertheless, understanding the mechanisms which lead to the success of a lifestyle
intervention would allow us to potentially exploit these mechanisms more effectively by either using more
targeted interventions or developing new drug targets that capitalize on existing pathways to improve
patient outcomes. One of the expected modes-of-action of a successful lifestyle intervention is via
modulation of the gut microbiome.® > As the gut microbiome is integrally linked to the consumption
habits of the host?, it stands to reason that the Gl microenvironment may be the right place to look when

investigating how lifestyle interventions reduce hypertensive disease. Indeed, our group and others have

20



shown that dietary salt?! and fiber intake?>** impact the production of microbial metabolites (tryptophan

metabolites, short-chain fatty acids?®) and can reduce hypertensive disease severity. These findings are
reviewed in more detail in section 1.3. A deeper understanding of the existing connections between the
host and its microbes will allow the discovery and exploitation of endogenous mechanisms which already

contribute to BP control.

1.1.2 Understanding the consequences of BP dysregulation
Hypertension that goes un- or under-treated can lead to a wide variety of adverse events. Hypertensive
damage to the heart, kidney and vasculature are some of the most well-recognized and dangerous
consequences, although damage to other organ systems has also been documented (e.g. brain and eyes).>
6 14,26 |n patients, Ang Il levels have also been found to correlate with left-ventricular hypertrophic
remodeling,?” indicating that RAAS activation does play a role in the development of end-organ damage.
Fortunately for experimentalists, the Ang Il infusion model for hypertension also induces the development
of damage to the heart, kidneys, and vasculature, similar to what is seen in humans with essential
hypertension.'* End-organ damage in the form of hypertensive heart disease often involves inflammation
in the tissue, hypertrophic remodeling (particularly in the left ventricle) and fibrosis.'* ** In humans,
electrocardiography or magnetic resonance imaging are the standard-of-care for hypertensive heart
disease diagnostics.’>'? If left untreated hypertensive heart disease can lead to myocardial infarction,
heart failure, and sudden cardiac death.'? Endothelial dysfunction and vascular remodeling are common
vasculopathy findings in hypertension, and can lead to plaque formation, stenosis and aneurysms.'2 Over
time, hypertensive damage to the kidneys leads to increased albuminuria, decreased glomerular filtration
rate, and increased serum creatinine; each of which can be measured for diagnostic purposes.'® Kidney
dysfunction often involves tissue-specific inflammation, structural damage, and fibrosis, and is particularly
troubling because of its high-mortality rate.!> 2 Furthermore, kidney dysfunction further contributes to
CVD risk above and beyond what is explicable by traditional cardiovascular risk factors.?® Although animal
models are not a perfect recapitulation of the human situation, they have a high utility to link associative
findings with mechanistic insights.'* 1> Of course, animal models are highly important in translational
research because they allow the use of invasive techniques, and can be used to assess the safety and

efficacy of novel targets for pharmacological and non-pharmacological treatments.*
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1.2 The gut microbiome in health and disease

1.2.1 Introduction to microbial symbionts
Microbes are everywhere in the natural world and can thrive in several niches on the surface of or within
their human hosts. The complexity of the microbial world can not be underestimated, as these
microorganisms are known for their high capability to inhabit the uninhabitable and rapidly adapt to their
surroundings.®® Within the human body more than 50% of cells are microbial, outnumbering the cells of
the host.3! While microbes can find a home for themselves in a variety of body sites, the Gl tract is one of
the most popular locales.?* The bacterial content within the colon outnumbers all other sites by at least
two orders of magnitude.>* One of the most unique and interesting features of human microbiomes is
the striking heterogeneity found in fecal matter.3! 32 Over half of the microbial genes found in human

samples are unique to the individual.®*

Microbial symbiosis shapes the lived experience of the host.
Although animals and humans can survive without gut microbes, life is certainly better with these
symbiotic organisms. In fact, one of the most valuable models we have to study the host-microbiome
interaction are GF mice, which are devoid of all bacteria.?* 3 NGS technologies have greatly improved our
ability to study the gut microbiome.*® Previous research was limited by which microbes could survive in a
culture setting, whereas the falling cost of sequencing has facilitated the discovery and study of a plethora
of microbes which were previously unknown.3° Although much is now known about the composition of

the human gut microbiome, there are many unanswered questions with respect to the host-microbiome

interaction.

Each individual’s respective ‘healthy’ gut microbiome was found to be relatively stable over time and
coexists in equilibrium with the surrounding environment.? It appears that the microbiome’s resilience
and capacity to help fight off infection is a much more important determinant of host health than the
presence of a particular set of microbes.® The ecosystem within the Gl tract is known to be susceptible
to transient or persistent changes resulting from antibiotic use, intestinal infection, and profound dietary
or lifestyle modifications.®> 3’ Although the universality of a “healthy” microbiome composition has been
elusive, there are commonalities that have been demonstrated in perturbations from a healthful state
(i.e. dysbiosis as opposed to eubiosis).3> 38 Changes to the microbiome have been demonstrated in a
variety of diseases, including but not limited to inflammatory conditions (e.g. colitis, Crohn’s disease),
cardiovascular, and metabolic disorders.3*** As the compositional features of each individuals microbiome
38, 44

are highly variable®!, research is increasingly shifting from a taxonomic to functional focus.

Researchers have increasingly found that metabolites produced by the microbiome are potent mediators
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of host function, particularly via their interactions with the immune system.** % The gut microbiota is now
considered an endocrine organ for its capacity to generate metabolites that can act as effectors in the
host, locally or in distal target organs.*® The interrelation between lifestyle, diet, pharmacotherapy, and

the gut microbiome is still the subject of ongoing research.

1.2.2 Gl tract physiology
The intestines act as an interface between the external environment and the host, and their role in host
health goes far beyond nutrient absorption. The lumen of the Gl tract is home to a wide variety of
microbial inhabitants, while the tissue epithelium acts as the largest compartment of host immune cells
in the body (Figure 1).*” Anatomically, the intestines consist of different segments with distinctive
properties, thereby fostering a unique microenvironment from both the perspective of the host and the
colonizing microbes.*” *® The longest stretch of the Gl tract is the small intestine (SI), made up of the
duodenum, jejunum, and ileum. The SI then empties into a blind-ended sac called the cecum, which
connects the Sl to the large intestine (LI); comprised of the colon and rectum. The SI, cecum and LI have
distinct physiological functions. While the duodenum and jejunum are involved in the process
of digestion, absorption of nutrients, and motility, the LI has 3 primary functions: absorption of water and
electrolytes, production and absorption of vitamins, and formation and transport of feces for
elimination.** Rodents have a large cecum, which acts as a reservoir for fiber-fermenting commensal
microbes.*” In humans, the cecum itself and the volume of microbes within it is much smaller, but this
space still contributes significantly to facultative anaerobic fermentation.*® The transit time within the SI
is around 3-5 hours compared to around 30 hours in the colon, which allows the colon to foster more

t.48

microbial diversity, richness and abundance than the upper tract.*®* The abundance of microbes in the

adult SI (<10° microorganisms per mL) is less than half of what is found in the LI (10'%)*, although
interestingly disruptions to intestinal transit time can alter the volume of microbes within these regions.*®
Variation along the Gl tract is not limited to its microbial inhabitants or nutrient uptake, indeed the oxygen

content, pH level, and the production of metabolites (bile acids, SCFA, tryptophan) are also site-specific.*””

48
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Figure 1. Regional specialization along the Gl tract

Relative levels of luminal and tissue-embedded content are shown here reflecting host and microbiome
dynamics within the Gl tract. Microbial load, inhabitants, and the resultant microbially-produced
metabolites can vary along the tract.*”->! The graphic here illustrates one example of the luminal contents
expected along the Gl tract, although the regional dynamics are subject to interindividual or disease-
specific modifications. Host immune regional specificity during homeostasis is also illustrated here, and
corresponds to changes in the luminal contents.*”->? Figure was inspired by Mowat & Agace*’, and was
originally published in Avery et al. *> DOI: 10.1161/CIRCRESAHA.121.318065.
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The Gl tract tissue consists of several distinct layers: an epithelial layer which is closest to the luminal
mucus, the lamina propria layer which sits beneath the epithelia and houses the largest compartment of
intestinal immune cells, a thin muscular layer called the muscularis mucosa, followed by the submucosa
which is muscular and rich with arteries, veins, lymphatics, and nerves, and lastly the serosa which
separates the intestines from the peritoneum.*” The lamina propria and the intestinal epithelium both
house immune cells, though these spaces are immunologically distinct from one another.*” While the
epithelium mostly contains T cells, the lamina propriaisrich in B cells, T cells, and a various innate immune
subtypes like macrophages, dendritic cells and mast cells, to name a few.*” Under healthy conditions, the
tight epithelial layer prevents the invasion of pathogenic microbes while certain stimuli like inflammatory
disease or a ‘Western Diet’ can lead to leaky gut syndrome.>®* Mucus lines the lumen of the Gl tract, and
the thickness of the mucus layer varies in different gut segments.*” Mucus acts as a physical barrier against
bacterial infections and can bind toxins.>* Mucus can act as a nutrient source for specific mucus-degrading
bacteria (e.g. Akkermansia muciniphila) and can be colonized by various microbes.>> *® Loss of integrity of
the colonic mucus layer increases host susceptibility to pathogens.*® >’ The symbiosis of humans and
microbes is no doubt supportive for both parties under normal conditions, though the precarity of this

interaction is palpable.

1.2.3 Inflammation and the gut microbiome
The intestines are continually exposed to immunomodulatory stimuli like food particles, food antigens,
and a wide array of symbiotic and/or pathogenic organisms. Specialization of immune cells within the
different gut compartments has led some to wonder whether Gl segments should actually be considered
independent organs.’ 8 A recent study demonstrated that regional distinctions within the microbiota
from the human colon are associated with single-cell level alterations to immune cell composition and
activity.® This small-scale regional specificity has been documented extensively in the literature. For
example, Th17 and mast cells and Type 3 innate lymphoid cells are higher in the SI, whereas Tregs and
macrophages cells are enriched in the LI.*-*® While it can be difficult to determine whether this segment-
specific immunity is a cause or a consequence of the Gl microenvironment, it nevertheless has an impact
on the presentation of various Gl diseases. For example, ulcerative colitis and Crohn’s disease typically
impact the LI, and both have been associated with deficiencies in II-10 production (a cytokine known to
be produced by Treg cells).*”>® Additionally, the metabolic status of the microenvironment can cause
pathogenic bacteria to outcompete their commensal counterparts, for example, Shigella flexneri blooms

in the LI under high oxygen conditions.’® ©° In the SI, the immature immune systems of children are also
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believed to give rise to many more opportunistic infections, like Sl bacterial overgrowth (SIBO), where a
variety of normally commensal microbes build up and can cause inflammation, tissue damage, and even
premature mortality.*® 8 Immunosuppression via antibiotic consumption is also a common cause of LI
dysfunction by pathogens like Clostridium difficile.®® ® Interestingly, restitution of healthy metabolic

conditions within the Gl tract was found to stimulate resistance to Clostridium difficile infection.®

The high level of complexity and the wide range of microbial species within the Gl tract makes it rather
difficult to understand cause and effect. GF mice are an extreme but useful model system used to
elucidate the impact of bacteria (either individually or as a community) on the host immune system and
physiology. For example, colonization experiments with segmented filamentous bacterium in GF mice
demonstrated the capacity of these bacteria to site-specifically induce Th17 cells.®® Though there are
drawbacks to using GF mice, in that they have increased gut permeability (which is reversible upon
)64

colonization and compromised immune cell function as well as irregular lymphoid organ

development.®® Furthermore, the feasibility of some interventions or surgical procedures can be limited
when using GF mice, because maintaining sterile conditions is essential for proper use of the model.®
Antibiotic-depleted mice have also been used to explore the impact of the microbiota on host physiology,
although this model is less than ideal because of the unintended consequences of antibiotic treatment.®®
Antibiotic-depletion has been shown to induce fungal outgrowth and can stimulate the evolution and

expansion of antibiotic-resistant bacterial strains.®® Altogether, the GF model system is more easily

controlled, and allows us to understand the effect of colonization with one or many species.

While several recent studies have shown that tissue-specific immunity is highly relevant to health and

disease®” %8

, changes to the gut microbiome can have far reaching effects. For example, studies
investigating a particular set of murine microbes which are derived from a “wild” environment rather than
a lab setting was found to have a broad impact on immunity.® 7° Wild and wildling mice (mice with
microbes from the wild on a C57BL/6NTac background), compared with standard lab-raised mice, had
much higher concordance of mouse data with the phenotypic results of clinical trials®®, and were more
resistant to disease.”® Importantly, the immune signature within the Gl tract is not necessarily limited to
this tissue space, and can interact with other organs which are distinct from the original site of
inflammation per se. A recent paper used photolabeling to demonstrate that Th17 cells primed in the gut

are able to traffic to the kidneys and impact inflammation distally.”* Gl inflammation and microbial

dysregulationis also thought to play a role in various autoimmune diseases like multiple sclerosis, arthritis,
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and Type 1 diabetes, suggesting the broadscale inflammatory consequences of Gl dysfunction.”?
Furthermore, a recent study used high-resolution clinical metadata from hematopoietic cell
transplantation (HCT) patients to show that day-to-day variation in the microbiome corresponds to
immune cell changes in circulating peripheral blood mononuclear cells (PBMCs).”? It is clear that while the
microbiome is a potent regulator of local inflammation, other organ systems and tissues can also be

impacted by shifts within the Gl tract.

1.3 The microbiome in hypertension

1.3.1 Associations between the microbiome and BP
A growing body of clinical data has emerged showing an association between gut microbiome and
hypertension and/or BP regulation.’*®® Data from the HELIUS cross-sectional study recently estimated
that the microbiome explained 4.4% of systolic BP variance.”® Of course BP regulation is complex and
cross-sectional studies have a multitude of limitations, but this is a significant finding, considering that the
many genetic associations with hypertensive disease altogether only explain 5.7% of BP variability.®* Many
human studies have identified that a reduction in alpha-diversity (a metric of microbial variance)
associated with hypertension or increased BP.”>8% 8 |nterestingly, fecal microbiota transplantation (FMT)
in GF mice from a hypertensive human donor developed elevated systolic and diastolic BP after 8 weeks
when compared to GF with a normotensive FMT donor.”® The use of cross-species FMT is contentious
because the protocols for these types of studies are not standardized.®®> Additionally, mice and humans
only share about 15% of bacterial lineages®®, therefore it is possible that the reaction of GF mice to
hypertensive FMT is not specific to the implanted microbes. Because microbes are so adept at niche-
specific specialization®’, even implantation of defined species may not induce the desired effect and
should be verified post-colonization.®® Indeed, a recent study showed that the colonization of GF mice
with human or rat microbes did not induce immune maturation, and only colonization with mouse-specific

microbes was able to induce full immune competence.?’

An association between hypertension and the gut microbiome has been identified in several rodent
models. 2!, 23 24.80,90. 91 pyshiosis has been identified in Ang ll-infused mice?, Dahl salt-sensitive rats®! as
well as high salt-treated mice?! and deoxycorticosterone acetate-salt hypertensive mice.?* A recent study
found that the gut microbiota of stroke-prone spontaneously hypertensive rats (SHR) is dysbiotic and

significantly different than normotensive Wistar-Kyoto rats (WKY); and FMT from stroke-prone SHR to
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WKY controls increased the systolic BP of these otherwise normotensive rats.®® In SHR rats, this microbial
dysbiosis was additionally be linked to pathophysiological changes in the Gl tract and compromised
intestinal integrity.”> Nevertheless, only one study from Karbach et al. has attempted to estimate the
overall contribution of the microbiome to hypertensive organ damage in an in vivo model; though this
study utilized distinct C57BL/6J colonies of GF and conventionally raised (CONV) mice.* Isolation of lab-
raised mouse communities for extended periods of time can cause divergence in the genetics,
microbiome, and associated immune competency of sub-strains.®*% Littermate controls are consequently
a standardization technique for microbiome studies.?”-*® The implications of not using littermates can be
significant. For example, two recent studies suggested a role for Nlrp6- and ASC-mediated inflammasomes

in shaping commensal gut microbiota composition®: 1%

, although when the appropriate littermate
controls were used these results were not reproducible.’®® Therefore there is a unique opportunity to
understand the microbiome in hypertension and hypertension-related organ damage with the use of

appropriate littermate controls.

1.3.2 Immune mechanisms in hypertension: is the microbiome the missing link?
Immune mechanisms in hypertension have been recognized as a contributing factor to hypertensive
disease since the late 1960’s.2°> Now experimental and clinical studies have demonstrated the important
role that both innate and adaptive immune cells can play in BP regulation and the development of
hypertensive end-organ damage.! & 102104 Although immune mechanisms in hypertension are still
subject to ongoing research, immune cells have been shown to interact directly with the RAAS system.?
In fact, receptors for the active molecule Ang Il are expressed by monocytes, macrophages, neutrophils,
B cells and T cells.® The accumulation of inflammatory T cells and macrophages has been shown to occur
during the development of hypertensive organ dysfunction.!®* Pro-inflammatory effector memory T cells
(Tem), Twdl7 and Tul promote hypertension and cardiovascular target organ damage, while Treg cells can
ameliorate vascular, cardiac and renal damage.%11% Myeloid derived suppressor cells'?, dendritic cells

)13, and macrophages!'* have all been shown to influence hypertension

(DCs)'*2, gamma delta T cells (y6
as well. In addition to the physical deposition of immune cells in target organs, cytokine secretion from
these and other immune cells (e.g. Th17 secretion of 11-17, Thl secretion of IFNy, macrophage or DC
secretion of 11-6) have been shown to impact vascular and renal function.'® For example, 11-17 has been
shown to contribute to elevated BP and vascular dysfunction in the presence of Ang Il, which was not

observed in Il-17-deficient mice.'®” Additionally, circulating levels of 11-6 have been shown to correlate
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positively with BP in patients.'*® 1I-6 is also known to contribute to the induction of CD4+ T cells towards
an I1-17 producing phenotype.’® The CANTOS trial also showed that anti-inflammatory treatment

targeting 1I-1p was effective at reducing cardiovascular events in patients with a history of CVD.*

As detailed in section 1.2.3, the microbiome plays a significant role in the modulation of inflammation in
multiple organ systems. Because of the documented importance of inflammation in hypertension, the
microbiome garnered significant attention in recent years. Recent evidence has shown that bacteria can
communicate with different immune cells involved in CVD. For example, dendritic cells were shown to
increase in salt-responsive hypertension and were associated with underlying microbial dysbiosis in
mice.''” Additionally, our group recently demonstrated a high-salt challenge in patients was able to reduce
Gl Lactobacillus spp., which was associated with an increase in Th17 cells and an elevation of BP.*'® An
increase in the circulating lipopolysaccharide (LPS) has also been documented in patients with
hypertension.®! LPS, an endotoxin derived from the outer membrane of gram-negative bacteria, should
normally be retained within the intestinal lumen, but under pathological conditions with compromised

intestinal integrity, LPS can enter the circulation, and is a potent inducer of inflammation.®!

1.3.3 Metabolites as mediators of the host-microbiome interaction in hypertension
It has been suggested that the mechanism by which the microbiome can impact host immune function in
hypertension is mediated by metabolites. This concept is not unique to hypertension; indeed, metabolites
of microbial origin have been found to facilitate the communication between the host immune system
and its microbial inhabitants in several other disease states. For example, indole metabolites produced by
Lactobacillus metabolism of tryptophan have been found inhibit fungal infection and inflammation in
colitis via increased 1-22 production.!?® Additionally, bacterially-derived polyamine metabolites
(spermidine, spermine, putrescine) have been shown to influence macrophage activity in the colon, and
the metabolite putrescine was found to ameliorate DSS-induced colitis.’?® The interplay between host-
produced and microbially-produced metabolites has been unexplored in the context of hypertension,
though in other disease states, both have been documented as mediators of the host-microbiome
interaction. A recent study found that host-produced serotonin was able to alter bacterial communities
within the gut which in return led to changes in host metabolite production, indicating bi-directional
communication between the host and microbiome.'?! Furthermore, it was shown that in obesity, there is

a shift from the metabolism of tryptophan by microbes into indoles towards the production of kynurenine
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by the host enzyme Indoleamine 2, 3-dioxygenase.?? Knockout of this tryptophan metabolizing enzyme
rescued the phenotype, suggesting that the interplay between host and microbial tryptophan metabolism
has implications for the progression of disease.'?? Furthermore, host conjugation of microbially-produced
metabolites often occurs when they reach the liver through uptake via the portal vein. Conjugation of p-
cresol and indole produces the end-products P-cresol sulfate or P-cresol glucuronide as well as indoxyl
sulfate (IS), respectively.'?® Normally P-cresol metabolites and IS are easily cleared, but they are known to
build up in chronic kidney disease as a result of kidney dysfunction. They have been suggested to
participate in a wide range of pathogenic processes contributing to cardiovascular and overall mortality
in patients.'?® These metabolites may play a role in hypertension as well, although it is unclear whether

their activity is relevant at lower titers typical to those with intact kidney function.

Microbially-produced metabolites have been found to have pro- and anti-inflammatory activity in
hypertension and CVD. The suspected interplay between microbes, metabolites, and hypertension is
summarized in Figure 2. Short-chain fatty acids (SCFA) such as acetate (C2), propionate (C3), and butyrate
(C4), are perhaps the most well-documented anti-inflammatory metabolites that have been shown to
reduce BP in humans and animal models.?>2> 7> 78 The fermentation of dietary fiber by bacteria in the
colon leads the production of SCFA.*?* C2 has been shown to ameliorate hypertensive cardiac and renal
damage in mice.?* Our group recently demonstrated that treatment with C3 is protective against Ang II-
induced inflammation and cardiovascular damage, and this metabolite acts in a Treg-dependent
manner.” Two clinical studies also found that decreased abundance of SCFA producing bacteria is
associated with increased BP.”® 12> Another metabolite produced through bacterial metabolism called
Indole-lactic acid (ILA) was shown to suppress Th17-driven inflammation in salt-sensitive hypertension.?
Metabolites of microbial origin can exacerbate disease in some contexts. For example, pro-inflammatory
metabolites like trimethylamine N-oxide (TMAO) and 3-hydroxyanthranilic acid (a tryptophan metabolite)

have been shown to aggravate atherosclerosis and CVD.*2% 1%/
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Figure 2. The host-microbiome interaction in hypertension

Food consumed by the host is metabolized by microbes along the Gl tract into small metabolites.
Inflammation and immune cell activity are regulated by microbially-derived metabolites, food antigens
and microbes, among other things. The interaction between hypertension and the microbiome is thought
to be primarily mediated by the immune system, and perturbations to the host-microbiome symbiosis can
result in BP changes, as well as hypertensive heart, vascular, brain, or kidney damage. This figure was
adapted from Avery et al.”> DOI: 10.1161/CIRCRESAHA.121.318065.

1.4 Interstitial fluid as a window into the microenvironment in the Gl tract

1.4.1 Regional specificity of the host-microbiome axis
The dynamic uptake of metabolites into the circulation in hypertension is not well-understood. Whether
metabolite levels in the feces, serum, or in some other compartment should be considered relevant for
health and disease is still debated. While metabolites have been suggested to mediate the host-
microbiome interaction via the immune system; whether metabolites can also reach the distal target
organ to effect function is unknown. As the field of microbiome research in the context of hypertension
is still young, there is a large opportunity to begin to understand how the host-microbiome interaction
occurs during disease, and how this contributes to the mosaic of hypertension. Given the known
interaction between metabolites of microbial origin and host immune function in health and disease (see
section 1.2.3 and 1.3.2), naturally the mechanisms by which these compounds interact with immune cells
is of interest. While in vitro experiments can demonstrate the effect of metabolites on primary cells, we
are limited currently in our ability to capture the signature within the Gl microenvironment. Contents of
the luminal space or the serum are currently the accepted modality to assess metabolite changes
associated with microbial production in the gut.'?® 12 Whether the excretory products are representative

of what is being experienced in the host is unknown. Serum can also be used to investigate which microbial
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metabolites reach the systemic circulation, although this presents additional challenges. Are all
metabolites relevant for the immune-microbiome axis capable of reaching the systemic circulation? Are
titers high enough to be quantifiable? Additionally, do the tissue levels differ significantly from circulating
levels of a given metabolite? Because immune cell composition and function has been shown to vary
significantly across different Gl segments®, one would suspect the same is true for metabolites within the
tissue. To begin to answer some of the questions mentioned above, having a method to access the

microenvironmental space within the Gl tract would be of high utility.

SCFA present a unique example of a subset of metabolites which would be of interest at the site-of-action
in the gut. The luminal contents of the LI have about 4-fold higher C3 and C4 levels when compared to the
SI1.139 As SCFAs have been documented several times in various disease contexts, many have wondered
about the relevant compartment to measure SCFA levels. Interestingly, patients with low abundance of
SCFA producing bacteria documented by NGS were found to have increased levels of SCFA in their fecal
matter’®; which perfectly exemplifies the challenge of using excretory products as a read-out. Fecal SCFA
levels do not necessarily reflect the SCFA levels within the host, but rather reflects the SCFA generated in
the gut which was not absorbed in the intestines. This notion is supported by experimental work in SHR
rats, which showed that in hypertension the luminal cecal levels of C3 were increased, but the serum C3
was reduced.'®! This discrepancy in hypertensive rats between the luminal SCFA and serum levels when
compared to their non-hypertensive counterparts was attributable to the reduced expression of Slc5a8
transporters which facilitate the entry of SCFA into the Gl epithelium.'3! A recent study also showed that
while SCFA serum levels were associated with insulin sensitivity and other obesity-related parameters, a
link to fecal SCFA was not found.!3? SCFAs are thought to be rapidly absorbed in the colon'®3, and through
the isolation of colonic epithelial cells, the utilization of C4 as an energy source for metabolism within
these cells was demonstrated.’®* Of note, intestinal SCFAs are much higher compared to portal blood,
whereas SCFA are higher in the portal, then hepatic blood, and least in the peripheral blood, suggesting

SCFA are substantially taken up by the liver.13°

Many metabolites mediate the activity of host cells via interactions with surface receptors. G-protein
coupled receptors are thought to mediate the interaction between microbially-produced metabolites and
various cell types in the lamina propria and are considered the main mediators of nutrient-sensing in the
Gl tract.’® For example, SCFA are also known to interact with immune cells via g-protein coupled

receptors GPR109A and GPR43.1%*® Furthermore, amino acids and amino acid metabolites, bile acid
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metabolites, and even traditionally intracellular metabolites like succinate can exit the cell and act as
signaling molecules via GPCRs in the gut.’3> Commensal microbes, whether accidentally or by design, are
known to produce GPCR ligands which were found to be as effective as human endogenous ligands at
regulating glucose homeostasis and metabolic hormone regulation.’®” Although some important
interactions in the gut do involve metabolite entry into the intracellular space, like histone deacetylase
regulation by SCFA®® or aryl hydrocarbon receptor activity mediation by tryptophan metabolites!'® 1%%;
one would nevertheless expect a pool of available microbial metabolites to be found where they have
been absorbed in the host in the IF. A graphical representation of the expected interactions between
metabolites produced by the gut microbiome and the host immune cells within the GI microenvironment

are shown in Figure 3.
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Figure 3. Schematic of the Gl microenvironment

On the left, the entire Gl tract is shown, on the right, there is a proposed scheme of the microenvironment
from that selected subsection of SI. As shown above, the Gl lumen is rich in bacteria, and is the
compartment housing food particles which in the latter parts of the colon will form into fecal pellets.
Metabolites which are produced by microbes have been suggested to pass through the Gl epithelium and
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enter the host to interact with various types of immune cells. | propose that the extracellular space or IF
derived from the Gl tissue should be rich in these metabolites and molecules of microbial origin.

1.4.2 Interstitial fluid biology principles and relevance within the Gl tract
IF is simply defined as the fluid found in the spaces between the cells of a tissue, the tissue’s structural
components known as the extracellular matrix (ECM), and the capillaries.’*® The ECM is rich in collagen
fibers which provide structure and negatively charged glycosaminoglycans (GAGs) that are important for
tissue hydration, whereas the IF has an electrolyte concentration closely resembling that of plasma and a
plasma protein concentration ~50% of that of plasma.'® The IF represents one of the major fluid
compartments of the body. The extracellular fluid volume (ECV), is comprised of mostly interstitial fluid
volume (IFV), and a small percentage of plasma volume.'*! This interstitial space itself varies significantly
depending on the tissue of origin. The amount of IF in the skin is accounts for almost 50% of the tissue’s
wet weight whereas muscular tissues are close to around 10%.%° The high density of structural elements
within the IF like GAGs and collagen can make it difficult to access the IF from low-volume spaces.'*°
Accessing the IF within different organ systems requires a wide range of methods which both directly and
indirectly attempt to quantify IF components.'*® 142 Conceptually, each of these methods aims to access
this space, while leaving the surrounding cells intact and not disturbing the intracellular contents. |
pursued IF methods with end-point measurements, which could be applied with minimal risk of tissue
injury or destruction. Two of the most common extraction methods are the centrifugation-based and
elution-based approach!*?, which are technically described in greater detail in section 3.2. To determine
the validity of an IF extraction method, i.e. to what extent the method reflects bona fide IF, the
concentration of ions relative to the plasma can be measured, though the gold-standard evaluation,
especially for the centrifugation-based approach, employs the extracellular tracer >!Cr-labelled EDTA.}*?
The amount of the tracer, which equilibrates only in the extracellular fluid phase and does not pass
intracellularly, relative to the plasma concentration gives an approximation of whether the harvested fluid

is deriving from the extracellular fluid phase only!*?

and is technically described in detail in section 3.2.

IF is often referred to as pre-lymphatic fluid, because interstitial flow is constantly emptying fluid which is
filtered from the blood capillaries into the interstitium, and subsequently the IF is taken up and returned
to the systemic circulation via the lymphatic vasculature.'*® The Gl tract is dotted with lymph nodes, where
draining lymph empties and interacts with immune cells before being drawn into the broader network of

lymphatics.*® Immunologically, SI and colonic tissues are believed to be distinct compartments, in part
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because the draining lymph nodes for these segments are anatomically separated.>® Interestingly, in mice
the duodenum and the pancreas share draining lymph nodes, and the impact of this co-drainage from
multiple organs is not well-understood.® ¥** Lymph may be classified as afferent or efferent depending
on whether it is transported to or from the lymph node, respectively. The proportions of immune cells (T
cells, B cells, DCs) within these lymphatic fractions as well as the lymph node itself have been shown to
differ significantly from one another.’®® The lymph undergoes several modifications within the lymph
node, as the immune cells and lymph from collecting lymphatics are pooled together from different
regions of origin (perhaps even multiple organs) in this compartment.®® 4% Accordingly, while prenodal
lymph can be considered as representative of the local IF**°, postnodal lymph (which is most frequently
sampled) is not representative of the IF or lymph which is native to the original tissue space.'*® While the
composition of immune cells in the gut*’, in the draining lymph nodes*, and in distal organ systems*® has
been the subject of several investigations, the contents of the IF (i.e. the microenvironment which gives
rise to said immune cells) itself has been mostly ignored. Although the IF space within the Gl tract is surely
of interest to understand the regional interactions between the microbiome and the host (detailed in

1.4.1), to our knowledge, this has not been explored previously.

The importance of tissue specificity is not a new concept, but recent technological advancements have
contributed to the growing body of literature suggesting that tissue specific genetic and metabolic
information is more informative than broadscale genetic screenings for example.®® 147149 Indeed, tissue-
specific genetic signatures are more predictive than unbiased genetic information of cancer outcomes*’
and the side effects experienced in clinical trials'*®. Furthermore, a recent study in COVID-19 patients
showed that while some disease-specific inflammatory immune cells could be found in both blood and
airway samples, the dynamic regulation of immune cells at the site-of-action was only identifiable when
comparing these spaces.®® %° Many immune cells never reach the systemic circulation, which stands to
reason why during active inflammation, the blood might not be the best place to look for cues about
disease activity or progression.®® Furthermore, the local signature of T-cells within the airways was

predictive of survival and was uniquely identifiable within the airway samples.*

IF has been used to uncover tissue-specific microenvironmental signatures present in the extracellular
space. Proteomic contents of the tumor interstitium have been used to identify potential drug targets or
novel early-detection biomarkers in breast, renal, hepatic, and ovarian carcinomas, to name a few.*? |F

in the skin has also been used to demonstrate that following ischemia-reperfusion injury or LPS injection,
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there is an immediate increase in inflammatory cytokines II-1B and TNFa in the IF, but not the serum.**°
Measuring serum cytokine expression would have led to the conclusion that no inflammatory stimulus
had been experienced by the host!*®, demonstrating the importance of measuring the contents of the IF
locally in the site where the inflammation occurs. IF extraction from dental pulp has similarly been used
to demonstrate how local LPS injection leads to a change in the local inflammatory cytokine signature
which was not reflected in the serum.!! Galectin-1 (LGALS1), a protein known to be involved in immune
regulation, was also found to be enriched in IF isolated by microdialysis from the human abdominal
adipose tissue in type-2 diabetes patients.’® In summary, the use of IF to identify novel regulators of
health and disease has been validated for other organ systems. As the Gl tract acts as the interface
between the host and its microbial symbionts, the IF is likely to be rich with both host-produced and
microbially produced cytokines, metabolites, and proteins. The isolation of Gl IF represents a novel route

to advance our understanding of the host-microbiome interaction in health and disease.
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2. Study aims

2.1 Define the contribution of the gut microbiome in hypertension

The intestinal microbiota has been demonstrated to influence hypertensive end-organ damage,
particularly as it relates to the inflammatory component of the hypertensive sequalae. The aim of this
portion of my thesis was to determine the overall contribution of the gut microbiome to the pathogenic
response to hypertension, using GF mice and colonized (COL) littermate mice with Ang Il and 1% NaCl-

induced hypertension.

2.2 Develop novel methods for the isolation of interstitial fluid from the Gl tract
Stool samples, because they are easily accessible, are often used to analyze the metabolites and microbial
bi-products involved in the host-microbiome interaction within the Gl tract. However, whether this
reflects what is absorbed into the host is still a matter of debate. There remains a logistical problem with
measuring the impact of microbially-derived metabolites on the host, in that the expected “site-of-action”
is inaccessible. To this end, | aimed to develop and optimize tools to isolate IF from the regional sites-of-
interest along the Gl tract. Additionally, | sought to examine the IF in comparison with the fecal matter
and the serum, to understand how the dynamic interactions between the host and its microbial

inhabitants are represented within each of these compartments.
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3. Materials and methods

3.1 Germ-free hypertensive mice

3.1.1 Animal Protocol
All animal experiments complied with the German and European law animal protection regulations and
were preapproved by the local ethics committee (G0280/13, G0028/21, X9009/18). Mice were provided
unlimited access to food and water, and maintained on a 12:12, light: dark cycle throughout the
experiment. Wild-type GF C57BL/6J (GF) mice were bred and kept in an isolator system, unless otherwise
specified (Metall+Plastic). GF mice used for in vivo experiments received sterile water using the Hydropac
system (Plexx B.V.). Mice were fed autoclaved standard breeding chow (V1124, Ssniff). Until week 4, all
mice were maintained in GF conditions. At 4 weeks, male mice were randomized to either remain GF until
week 14 or receive passive bacterial colonization (COL). COL mice were transferred to the regular specific
pathogen free (SPF) animal facility. Colonization was initiated by placing formerly GF mice into soiled cages
from healthy wild-type male C57BL/6) mice. Because mice are coprophagic, oral consumption of
microbes, as well as interaction on the skin surface was possible. After cage transfer, COL mice received
sterilized tap water as drinking water. At week 12, COL and GF treatment group mice received Angiotensin
Il (Ang Il, 1.44 mg/kg/d; Calbiochem) by subcutaneous infusion via an osmotic minipump (Alzet) and 1%
NaCl (Carl Roth) in the drinking water. For GF mice, 1% NaCl was sterilely injected into the Hydropac
system with a syringe and a self-sealing silicon patch (Plexx B.V., Elst, Netherlands). The experimental
design is shown in Figure 4. HTN is henceforth used as shorthand for hypertension (Ang Il and 1% NaCl) in
figures. Minipumps were implanted under sterile conditions and throughout the experiment GF mice
remained sterile verified by thioglycolate and 16s PCR, detailed in sections 3.1.5 and 3.1.13, respectively.
After two weeks of Ang Il + 1% NaCl or sham treatment, all mice were euthanized by isoflurane
anaesthesia and blood, spot urine (where possible), feces, and organs were collected. Further
experiments performed on these mice or derived from these tissues are listed throughout section 3.1,
apart from section 3.1.8 and 3.1.15. Animal handling was executed by animal caretakers at the Max-
Delbriick-Center (MDC) or Dr. Nicola Wilck, Gabi N’diaye, and Dr. Hendrik Bartolomaeus as members of

the Mueller/Dechend Lab at the Experimental and Clinical Research Center (ECRC) in Berlin-Buch.
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Figure 4. Schematic of GF project experimental design

GF littermates were randomized at 4 weeks to be colonized with SPF microbiota (COL) or kept under GF
conditions. At 12 weeks, we induced hypertension by subcutaneous Ang Il infusion and 1% NaCl-
supplemented drinking water (abbreviated as HTN in figures). Throughout n numbers are as follows; GF
Sham n =5, GF + HTN n = 12, COL Sham n =5, COL + HTN n = 12. After 14 days, mice were sacrificed, and
data was collected to analyze hypertensive end-organ damage. Dr. Nicola Wilck, Dr. Dominik N. Mueller
and Dr. Hendrik Bartolomaeus contributed the animal protocol. Animal handling for these experiments
was performed by Dr. Hendrik Bartolomaeus, Dr. Nicola Wilck, and Gabriele N’diaye (ECRC, Berlin).

3.1.2 Echocardiography
Echocardiography was performed in week 14 as described by Markd et al.'®®* at the MDC Animal
Phenotyping Technology Platform (Dr. Martin Taube; MDC, Berlin). All measurements were performed by
an experienced reader blinded to the experimental protocol. Mice were anesthetized with isoflurane and
examined on the VisualSonics Vevo 2100 system using a 30 MHz-Transducer (MS-400, VisualSonics). Left

ventricular wall thickness was analyzed using M-mode images from the parasternal short-axis view.

3.1.3 Splenicimmunophenotyping
After mice were euthanized, spleens were removed and kept at 4 °Cin a buffer comprised of PBS (Gibco),
0.5 % bovine serum albumin (BSA, Sigma Aldrich), and 2 mM EDTA (Sigma Aldrich). Single-cell suspensions
were obtained using 70 um strainers, followed by erythrocyte lysis, and were then filtered through a 40
um mesh. Cells were counted under a microscope using trypan blue and 10° live cells were taken per
sample for staining with each respective multicolor flow cytometry panel. All measurements included
dead cell exclusion using Live/Dead Fixable Aqua Dead Cell Stain Kit, for 405 nm excitation (Thermo
Fisher). Cells were stained with surface antibodies in the PBS + 0.5 %BSA + 2 mM EDTA buffer, together
with Fc blocking reagent (Miltenyi) for 30 min at 4 °C. Intracellular antigens were stained using FoxP3
Staining Buffer Kit (eBioscience). Respective intracellular antibodies were incubated for 30 min on ice. All

antibodies used for analysis are listed in Table 2 (found in section 3.1.15). Data was recorded on a BD FACS
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Canto Il (BD Biosciences) using BD FACS Diva software (BD Biosciences). Antibody panels were designed
by Hendrik Bartolomaeus and staining was performed by Hendrik Bartolomaeus and Nicola Wilck (ECRC,

Berlin). | performed the analysis of immunophenotyping data in FlowlJo (TreeStar).

3.1.4 Urine analysis
Spot urine was collected from a subset of experimental mice upon sacrifice. All parameters were
measured with the AU480 clinical chemistry analyzer (Beckman Coulter) according to the manufacturer's
instructions. The measurement of urinary albumin was done by a turbidimetric approach, where
absorption of light is proportional to the albumin concentration. The measurement of creatinine was done
by an enzymatic conversion of creatinine and colorimetric quantification of the reaction at the Animal

Phenotyping Platform (MDC, Berlin).

3.1.5 Bacterial growth in thioglycolate medium
To verify the GF status of GF mice upon sacrifice, fecal pellets were collected on the last day of life and
placed immediately into thioglycolate medium in a 5 mL tube. Thioglycolate medium allows for the growth
of obligate aerobes, obligate anaerobes, facultative anaerobes, microaerophiles, and aerotolerant
organisms; and thus represents a simple way to identify colonizing microorganisms within fecal matter.
After 96 hours of incubation, bacterial growth was examined by eye and compared to a positive control,
which were pellets from colonized C57BL/6J mice with a full range of SPF bacteria. Negative control used

was a filled thioglycolate tube with no fecal pellet inside.

3.1.6 Histological analysis of renal and cardiac tissue
Upon sacrifice, heart and renal tissues were immediately frozen in -40 °C isopentane and stored at -80 °C
for further use. Staining was performed on 5 um cryosections fixed in -20 °C acetone for 10 minutes.

Unspecific binding was blocked with 10 % normal donkey serum (NDS) for 2 hours.

Cardiac cryosections- Primary antibodies were diluted in 10 % NDS (anti-CD4 (H129.19), BD Pharmingen,
1:75; anti-CD8a (53-6.7), BD Pharmingen, 1:100; anti-CD3-A647 (17A2), BioLegend, 1:50; anti-F4/80 (A3-
1), Abcam, 1:100; anti-type | collagen (polyclonal), Southern Biotech, 1:100; anti-fibronectin (polyclonal),
Abcam, 1:400) and incubated overnight at 4 °C in a humid chamber. Cy3-conjugated secondary antibodies

were diluted in PBS for 2 hours at room temperature (RT) (anti-goat-lgG-Cy3 (polyclonal), Jackson
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ImmunoResearch, 1:300; anti-rabbit-IgG-Cy3 (polyclonal), Jackson ImmunoResearch, 1:400; anti-rat-1gG-
Cy3 (polyclonal), Jackson ImmunoResearch, 1:200) and incubated at room temperature for 2 hours.
Cardiac interstitial fibrosis was analyzed from fibronectin staining, by examining the Cy-3 positive area in
five representative high-power fields (HPF, 40x) of crosscut cardiomyocytes per heart slide using Image)
software (open source) with a mean threshold for the Cy3-positive area. Cardiac perivascular fibrosis was
qguantified using type | collagen immunofluorescence. Cy3-positve fibrosis area was measured using
CaseViewer software (3D Histech) and normalized to the mean vessel area. Representative images of
interstitial and perivascular fibrosis were taken at 80x magnification in CaseViewer. CD4- and CD8-specific
antibodies were used to quantify these immune cells per heart slide in CaseViewer, by identifying the
fluorescence of each antibody found in close association with a DAPI-positive nuclei. F4/80 and CD3-
positive (with DAPI-positive nuclei) cells were counted and quantified in five high-power fields (HPF, 40x)

per heart section using CaseViewer.

Kidney cryosections- Primary antibodies were diluted in 10 % NDS (anti-CD4 (H129.19), BD Pharmingen,
1:100; anti-CD8a (53-6.7), BD Pharmingen, 1:100; anti-F4/80 (A3-1), Abcam, 1:100; anti-CD45 (D3F8Q),
Cell Signalling, 1:200; anti-CD3-A647 (17A2), BioLegend, 1:50; anti-Nephrin (polyclonal), RD Systems, 1:20)
and incubated overnight at 4 °C in a humid chamber. Cy3-conjugated secondary antibodies were diluted
in PBS (anti-goat-1gG-Cy3 (polyclonal), Jackson ImmunoResearch, 1:300; anti-rabbit-lgG-Cy3 (polyclonal),
Jackson ImmunoResearch, 1:400; anti-rat-lgG-Cy3 (polyclonal), Jackson ImmunoResearch, 1:200) and
incubated at room temperature for 1-2 hours. For the analysis of Nephrin, five evenly distributed HPF
(20x) from the cortical region were taken per sample in CaseViewer. Image analysis for Nephrin was
subsequently performed using FlJI software (open source), and only Glomeruli that had their main body
in the section plane (round, comparably sized) were chosen for analysis. Glomeruli were manually
selected, and the mean fluorescence intensity was measured within the area of each glomerulus.
Representative images of one glomerulus per group was taken with an 80x magnification in Caseviewer
and equally color adjusted in FlJI. Infiltrating immune cells were counted as CD4-, CD8-, F4/80-, CD45- and
CD3-positive (with DAPI-positive nuclei) cells and quantified in five high-power fields (HPF, 40x) equally
dispersed in the cortical region of each kidney section using CaseViewer software (3D Histech). Kidney
tissue was additionally fixed in 4% formalin PBS solution, washed after 24 to 72 hours in PBS, and then
embedded in Paraffin and cut to 3 um. Formalin fixed tissue was stained with Masson's trichrome using
standard protocols. Perivascular fibrosis of the kidney was quantified as described above using Masson's

trichrome staining.
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All histological stainings were scanned using a Pannoramic MIDI Il slide scanner (3D Histech). Ariana Rauch
and Dr. Hendrik Bartolomaeus assisted with kidney nephrin analysis and T cell quantification in the kidney

(ECRC, Berlin), and | performed all other heart and kidney histological analyses.

3.1.7 AQuantitative real-time RT-PCR of renal and cardiac tissue
Half of one kidney and the apex of the heart were shock-frozen in liquid nitrogen and stored at -80 °C
upon sacrifice. RNeasy Mini Kit (QIAGEN) was used for isolation of RNA following the manufacturer's
protocol. RNA concentration and quality were determined using a NanoDrop-1000 Spectrophotometer
(PeqLab). cDNA was synthesized from 2 g RNA using the Applied Biosystems High-Capacity cDNA Reverse
Transcription Kit (Thermo Fisher). TagMan or SYBR Green assays were used to quantify target gene
expression using the standard curve method on a QuantStudio 3 (Thermo Fisher). Target mMRNA expression
was normalized to the 18S housekeeping gene, which was evaluated for its appropriateness compared to
other housekeepers prior to use. All primers and probes were designed and validated in the
Mueller/Dechend lab (ECRC, Berlin) prior to use. Primers and Probes were designed using PrimerExpress
3.0 (Applied Biosystems) and synthetized by BioTeZ Berlin-Buch GmbH. All primer and probe sequences

are provided in Table 1.

Table 1. qPCR primer and probe information

Gene Sequences (5'->3’)

18s for ACA TCC AAG GAA GGC AGC AG

rev TTT TCG TCA CTA CCT CCC CG

probe FAM — CGC GCA AAT TAC CCA CTC CCG AC—-TAMRA
Havcr-1 for CTG GAG TAATCA CACTGA AGCAATC

rev GAT GCC AAC ATA GAA GCC CTT AGT

probe FAM — CTC CAG GGA AGC CGC AGA AAAACC-TAMRA
Lcn2 for TGATCCCTG CCCCATCICT

rev GGA ACT GATCGCTCCGGA A

probe FAM —TCA CTG TCC CCC TGC AGC CAG A—-TAMRA
$100a8 for TCA CCATGCCCT CTACAAGA

rev CCAATTCTCTGAACAAGTTTT CG
$100a9 for TCA GAC AAATGG TGG AAG CA

rev GTC CAG GTCCTC CAT GAT GT
Colla2 for CTA CTG GTG AAACCT GCATCCA

rev GGG CGC GGCTGT ATG AG

probe FAM — CCC ACC CTG TAA ACA CCC CAG CGA AG —-TAMRA
Col3al for CTCACCCTTCTT CATCCCACTCTTA
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rev ACATGG TTCTGG CTT CCA GAC AT
Tgfbl for CCC GAA GCG GACTACTATGC

rev TAGATGGCGTTIGTTIGCGG T
Vcaml for CTA CAAGTCTAC ATCTCT CCC AGG AA

rev CACAGCACCACCCTCTTG AA

probe FAM — ACA ACG ATC TCT GTA CAT CCC TCC ACA AGG —TAMRA
Icam1 for CAG TCC GCT GTG CTT TGA GA

rev CGG AAA CGA ATA CAC GGT GAT

probe FAM — CTG TGG CAC CGT GCA GTC GTC C—-TAMRA
Tnfa for CGT CCC CAA AGG GAT GAG AA

rev TGA GGG TCT GGG CCATAG AA

probe FAM —TTC CCA AAT GGC CTC CCT CTCATCA -TAMRA
Ccl2 for GGCTCA GCCAGATGCAGT TAA

rev CCT ACT CAT TGG GAT CAT CTT GCT

probe FAM — CCC CAC TCA CCT GCT GCT ACT CAT TCA —TAMRA
l11b for CGT GGA CCT TCC AGG ATG AG

rev GAG GAT GGG CTCTTCTTCAAAG
16 for GTT GCCTTCTTG GGA CTG ATG

rev GGG AGT GGT ATCCTCTGT GAAGTCT

probe FAM — TGG TGA CAA CCA CGG CCTTCC C—TAMRA
Fnl for GGA CCT GCA AAC CTATAG CTG AGA

rev CTCCCCCACGACGTAGGA

probe FAM —TGT TTT GAT CAT GCT GCT GGG —TAMRA
Nppb for GAA AGT CTC CAG AGCAATTCA

rev GGG CCATTTCCT CCGACTT
Nppa for AGG AGA AGATGC CGG TAG AAG A

rev GCTTCCTCAGTCTGCTCACTCA

probe FAM — AGG TCA TGC CCC CGC AGG C—-TAMRA
Myh6 for GCC AAG ACT GTC CGG AAT GA

rev TGG AAG ATCACCCGG GACTT
Myh7 for CAATGC CAG GATTGA GGATGA

rev CGTGCCTGAAGCTCCTTG AG
Cen2 for CAA CCG CAAGAT CGG AGT GT

rev CAC CGA CCCACCGAAGAC

probe FAM — CACTGC CAAAGA TGG TGC ACC CTG —TAMRA
Acta2 for TCCTGA CGCTGA AGT ATCCGATA

rev GGT GCCAGATCTTTT CCATGT C

probe FAM — AAC ACG GCA TCA TCA CCA ACT GGG A-TAMRA

For: forward primer, rev: reverse primer, probe: Tagman probe.
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3.1.8 Invivo BP measurement and Ang Il pressor response
In vivo BP measurements were performed in collaboration with Dr. Mihail Todiras and Dr. André Felipe
Rodrigues from the Bader lab (MDC, Berlin). For these animal experiments, GF mice were maintained until
4 weeks, randomized, and COL mice were newly colonized and handled as described in section 3.1.1 until
12 weeks of age (approval number: G0028/21). Acute mean arterial pressure (MAP) was measured in
unrestrained conscious GF and COL mice. Basal cardiovascular parameters as well as Ang Il pressor
response were obtained over the course of 4 hours. To record BP and infuse Ang Il intravenously,
laboratory-adapted vascular catheters were used.’®* Subcutaneous injection of Carprofen (5 mg/kg) was
administered to all mice for pain management prior to surgery. For catheter implantation, mice were
anesthetized with isoflurane (4-5% for induction; 1-2% for maintenance), and the surgery was performed
on a thermo controlled table as described previously.®> A small incision over the femoral triangle was
made to expose the femoral artery and vein in which heparin/saline filled (100 units/mL) catheters were
introduced proximally to about 1.5 cm, reaching the abdominal aorta and vena cava, respectively. The
catheters were tunneled subcutaneously, exteriorized, and secured between the scapulae with a silk
suture 3/0. Post-surgery, mice recovered from anesthesia individually in a cage placed on a thermo
controlled plate at 37 °C. After regaining consciousness, the arterial catheter was connected to a pressure
transducer (AD instruments #MLT0699) to record baseline cardiovascular parameters beat-by-beat for
approximately 30 minutes. Data was acquired using the Powerlab data acquisition system
(PowerlLab/4sp) and LabChart software v5. Once baseline parameters were recorded, the maximal pressor
response to increasing doses of Ang Il (0, 50 and 500 ng/kg) were calculated by the difference between
the peak MAP response and the averaged immediate (approximately 1 minute before Ang Il infusion)
baseline MAP. Ang Il (Calbiochem) was injected intravenously as a bolus by connecting a 100 pL Hamilton
syringe (Hamilton) to the intravenous catheter. Aliquots of Ang Il were prepared to inject the volume of
0.5 plL/g body weight. Each Ang Il bolus injection consisted of total final volume of 100 L, containing the
Ang Il solution followed by a saline washout. Ang |l doses were administered with 10-minute intervals in

between, during a period when minimal physical activity was observed.

3.1.9 Serum metabolomic measurements using MxP Quant 500
Serum Metabolomics measurements from GF mice were done in collaboration with the BIH Metabolomics
Core Facility (Dr. Raphaela Fritsche, Dr. Jennifer Kirwan; Berlin). All reagents, internal and calibration

standards, quality controls, and a patented 96-well filter plate required for MxP Quant 500 analysis were
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included in the kit provided by Biocrates Life Science AG. The MxP Quant 500 kit from Biocrates Life
Science AG is a kit-based assay based on phenylisothiocyanate (PITC) derivatization of the target analytes
using internal standards for quantification. The MxP Quant 500 kit is a targeted metabolomics assay which
can theoretically quantify 630 metabolites in total, from 26 analytical classes including small molecules
(1 alkaloid, 1 amine oxide, 20 amino acids, 30 amino acid related compounds, 4 bile acids, 9 biogenic
amines, 1 carbohydrate, 7 carboxylic acids, 1 cresol, 12 fatty acids, 4 hormones, 4 indoles and derivatives,
2 nucleobases and related and 1 vitamin) and lipids (40 acylcarnitines, 76 phosphatidylcholines, 14
lysophosphatidylcholines, 15 sphingomyelins, 28 ceramides, 8 dihydroceramides, 19 hexosylceramides, 9

dihexosylceramides, 6 trihexosylceramides, 22 cholesteryl esters, 44 diglycerides and 242 triglycerides).

Plate preparation with serum samples from GF and COL mice was done according to the manufacturer's
protocol. Briefly, 10 pL of serum was transferred to the upper 96-well plate and dried under a nitrogen
stream. Thereafter, 50 pL of a 5% PITC solution was added. After incubation, the filter spots were dried
again before the metabolites were extracted using 5 mM ammonium acetate in methanol (300 pL) into
the lower 96-well plate for analysis after further dilution using water. Internal standards were present in
the plate prior to analysis. Calibration standards at different dilutions (Cal 1 to Cal 7) were also included
on the same plate as recommended. Biocrates quality control (QC) samples were run every 20 samples.
One pooled QC sample was measured at the beginning, two in the middle and one at the end. Prior to
plate measurement, evaluation of the instrument performance prior to sample analysis was assessed by
the Biocrates recommended system suitability test (SST). Separate test mixtures were provided with the
kit for liquid chromatography-mass spectrometry (LC-MS) and flow injection analysis-mass spectrometry

(FIA-MS) SST evaluation. Pass/Fail criteria were according to Biocrates recommendations.

The LC-MS system was comprised of a 1290 Infinity UHPLC-system (Agilent) coupled to a 5500 QTrap with
Selexlon (AB Sciex Germany GmbH) in electrospray ionization (ESI) mode. Acquisition method parameters
are available upon request. Two LC methods and two FIA methods were used to analyze the same set of
samples. Raw data was assessed and manually curated in Met/DQ version Nitrogen (Biocrates Life Science
AG). Compounds were identified and quantified using isotopically labeled internal standards and pre-
determined multiple reaction monitoring (MRM) transitions for LC and by their accurate mass for FIA, as

according to the Biocrates protocol.
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3.1.10 Serum metabolomic analysis

Pre-processing and peak integration was performed by Dr. Raphaela Fritsche, and all further data analysis
| created my own analysis pipeline using R statistical software with guidance from the Kirwan lab (BIH,
Berlin). The Met/DQ software is provided by Biocrates and is usually used for data processing and
normalization. Normalization was done on median of Biocrates QC level 2 in 4 replicates. The
concentrations of metabolites that were analyzed by FIA were automatically calculated by the software
based on internal standard ratios. The analyte peaks obtained by LC were integrated by the Sciex Analyst
version 1.6.3 software and normalized to the internal standards. All quantification was done within
MetIDQ version Nitrogen. An in-house script (a modified version of Metaquac®®®) was used for data quality
analysis and preprocessing. The modification enabled the retention of metabolites considered above the
limit of detection but below the limit of quantification by Biocrates software. The median relative standard
deviation (RSD) for pooled QC samples was 8.35 % for FIA and 8.81 % for LC (accepted as the upper RSD
limit is 15%).

For final metabolite identification, metabolites were considered valid when they appeared in a minimum
of 70% of biological replicates. Only analytes with values above the limit of detection (LOD) were
considered. The LOD for individual analytes was defined as three times the median peak area in the blank
samples (peak intensity was used for FIA data) and a minimum intensity of 1 000 count per second (cps).
Analytes below the LOD were rejected. Each analyte was subsequently normalized to its respective
labeled internal standard. Data was quality checked among other things for technical reproducibility,
missing values and batch effects, as detailed previously.?*® Outliers were removed where a drastically low
number (less than 70% of the overall average metabolite count) of metabolites were capturable (likely an
issue occurred during sample preparation), or where there was consistently greater than 2 standard
deviations between a given sample and the mean for its respective biological group. The filtered and
quality checked dataset was used for subsequent statistical analysis. Where necessary, imputation of the
group-specific mean value for individual metabolites was used, although this was rare as 98.7% and 99.1%

of data points were available in the final selection of GF and COL data, respectively.

3.1.11 DNA isolation and extraction for microbiome analysis
DNA isolation and extraction was performed with technical assistance from Theda U.P. Bartolomaeus

(ECRC, Berlin). All laboratory procedures were conducted under a hood with laminar flow (LabGarda ES
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Energy Sever Classe Il Laminar Flow, NuAire Inc.) to limit environmental contamination. Total DNA was
extracted from all stool samples using the ZymoBIOMICS DNA Miniprep Kit (ZYMO Research Europe
GmbH). Using 20-50 mg aliquots from the previously frozen stool and cecum content, DNA extraction was
performed by following the manufacturer's recommendations with slight modifications for better
mechanical disruption. The samples were added to the PeQLab vial containing the ZR BeashingBead Lysis
Tube beads (0.1 & 0.5 mm), and after adding 750 puL ZymoBIOMICS Lysis Solution, the vial was caped
tightly. Samples were mechanically disrupted twice using a PeQlLab Precellys 24 (Bertin Corporation) for
2 x 15 seconds at 5500 RPM, with a 5-minute rest period in between. The remaining steps of the DNA
extraction procedure followed the manufacturer's protocol by ZYMO Research Europe GmbH, the final
elution of DNA was performed with 100 uL ZymoBIOMICS DNase/RNase Free Water. The samples were
stored at -20° C before being shipped on dry ice to Novogene for sequencing. The extraction protocols
were also performed on positive controls (stool samples from C57BL/6J CONV mice) and with a blank
sample (RNase-, and DNase-free, genomic DNA-free water). A 75 uL blank and 20-50mg positive controls

were used for extraction.

3.1.12 Microbiome sequencing data processing and analysis
NGS data was generated by Novogene. Microbiome data was processed and analyzed in collaboration
with the Forslund lab at the ECRC (Dr. Ulrike Léber, Dr. Sofia Forslund; Berlin). Shotgun sequencing data
were processed using ngless.”™” Quality control was performed by trimming reads with phred score below
25, while trimmed reads shorter than 45 bp were discarded. Taxonomic classification was assessed by
aligning the quality trimmed reads to mOTUs®®® (v2.5) using bwa®® (v0.7.17) with default parameters.
Mouse genome GRCm38.p6 was masked with the sequences retrieved from SILVA®° database V138 using
bbtools (https://sourceforge.net/projects/bbmap/). The reads which passed quality control were mapped
to the masked mouse reference using bwa within ngless. Sequences matching the mouse genome were
considered off-targets and discarded. Reads which mapped to multiple genes in the reference database
were handled using the "dist1" method and normalized using the "scaled" mode. The results were parsed

by a customized perl script and visualized using the ggplot216!

package. Functional annotation was
performed mapping the trimmed and filtered reads to the MouseGutCatalog (v0.9)'%%, while the dist1

method was used to account for multiple annotations.
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3.1.13 Fecal gPCR
For all stool and cecum content samples and relevant controls, PCR was performed using an Applied
Biosystems QuantStudio 3 system (Thermo Fisher Scientific) as described in Bartolomaeus et al.1®,
Amplification and detection were performed in 96-well optical plates (Applied Biosystems) with SYBR-
Green (Applied Biosystems). For amplification, the standard protocol of the Applied Biosystems
QuantStudio 3 system was followed, i.e., an initial cycle at 95°C for 10 min, followed by 40 cycles at 95°C
for 15, and 1 min at 60 °C. To check for specificity, melting curve (Tm) analysis was performed, increasing
the temperature from 60 to 95 °C at a rate of 0.2 °C per second with the continuous monitoring of
fluorescence. Standard curves for quantification consisted of ten-fold serial dilutions in the range of 108 —
10° copies of the 16S rRNA gene of the E. coli (Invitrogen, C404010) amplified with primers
27F (5'-GTTTGATCCTGGCTCAG-3') and 1492R (5'-CGGCTACCTTGTTACGAC-3'). Using universal primers,
Univ 337F 5'-ACTCCTACGGGAGGCAGCAGT-3"'and Univ 518R 5'-GTATTACCGCGGCTGCTGGCAC-3' the total
amount of bacterial 16S in stool and cecum content (COL and CONV) and in stool from GF mice, as well as
in the blank and positive controls was quantified. Copy numbers per g feces was calculated for each primer

set used, as previously described.'®

3.1.14 Comparative analysis with Pluznick study data
Comparison of fecal microbiome data from our study (hereto forth referred to as the “Berlin” data) to the
data previously published by Cheema and Pluznick!®® (referred to as the “Pluznick” data) required
reannotation of the Berlin shotgun NGS data, into a format comparable to the published 16s sequencing
data. Metabolite and microbiome data from Berlin included only male mice, though the Pluznick data
included both male and female mice as a part of the analysis (as the Pluznick n number was too low with
only males included). Additionally, non-GF mice from the Pluznick study were CONV (as opposed to COL
in Berlin study). Raw 16s sequence data from the Pluznick study was downloaded from NCBI Sequence
Read Archive (BioProject: PRINA514044). LotuS 1.62% was used for analyzing the 16S amplicons based
on SILVA®®, Greengenes'®” and HITdb databases, and resulted in all taxonomic levels of microbiome
abundance tables. Subsequently, these abundance tables were rarefied by using RTK.'®® Abundance table
on genus level was adopted for the comparison with this study. Principal Coordinates Analysis (PCoA) of

microbiome data using Bray-Curtis distances was performed with the vegan package.'®
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Metabolites from Pluznick data were curated for overlapping metabolites where there were exact
matches for the biochemical name, CAS ID, HMDB ID, and/or PubChem IDs. Multivariate tests including
PERMANOVA and PCoA were performed by using vegan®® R package, and Euclidean distance was
adopted. Comparison of the changes in metabolites between sham and hypertension groups on individual
level were done by first performing Mann-Whitney U test within GF or COL/CONV groups in each study
(NAs were removed if any NA resulted from the test). We then compared the directionality of change for
each metabolite in the equivalent group from the Pluznick or Berlin data. For the comparison of effect
size for each metabolite individually between sham and hypertension groups in either the GF or
COL/CONV conditions of the Pluznick or Berlin study, Cliff's delta was calculated by using orddom R
package.”® The distances between the effect sizes in GF or COL groups were calculated by taking the
absolute value of numerical difference between the two studies. Ggplot2'®* was used for plotting, and

171 was applied to add Mann-Whitney U test result. | designed the analysis detailed here, |

ggpubr
performed the cross-comparison of metabolomics data, Chia-Yu Chen (ECRC, Berlin) re-processed

microbiome data from 3.1.12, and we collaborated on the statistical analysis.

3.1.15 Invitro Th17 polarization
For supplementary in vitro assays to complement the work from the aforementioned experiments, we
utilized C57BL/6J GF mice and C57BL6/J CONV mice aged 9-12 weeks (approval number: X9009/18). Cells
were isolated from mesenteric lymph nodes of GF or CONV mice. These cells were then sorted using
magnetic activation with the CD4+ T Cell Isolation Kit (Miltenyi Biotec) according to the manufacturer's
instructions. Isolated CD4+ T cells were collected and resuspended in MACS buffer at 2 x 10%in 50 pL. For
APC-free differentiation, cells were fluorescently stained for 30 min in an antibody cocktail containing
anti-CD4—PercyP Vio 700, anti-CD44—-PE, anti-CD62L-APC and anti-CD25-PE—Cy5, and subsequently
purified by fluorescence-activated cell sorting on a BD FACS Aria Il Flow Cytometry Cell Sorter (BD
Biosciences). Sorted naive CD4+ T cells (CD4+CD62L+CD44lowCD25-) were stimulated by plate-bound
anti-CD3 (2 ug ml-1, 145-2C11, BD Pharmingen) and anti-CD28 (2 ug ml-1, 37.51, BD Pharmingen) in the
presence of Th17 polarizing conditions using IL-6 (40 ng ml™), rhTGFB1 (2 ng mI™) and 1I-1B (10 ng ml™?).
To determine the influence of Ang Il on Th17 cell polarization in GF or COL, naive CD4+ T cells were
cultured with vehicle used for stock dilution or 50 uL Ang Il for 96 hrs. Cells were stained and measured
as detailed above for Th17-specific markers. Antibodies used for all GF experiments (including those from

section 3.1.3) are shown in Table 2.
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Table 2. Antibodies used for GF immunophenotyping

Antigen Fluorophore Clone Concentration Manufacturer
CD3¢ VioBlue 17A2 1:10 Miltenyi
CD4 APC Vio770 GK1.5 1:10 Miltenyi
CD8a PerCP Cy5.5 53-6.7 1:100 eBioscience
CD11b PE M1/70 1:150 BD Bioscience
CD11c PerCP Cy5.5 N418 1:100 BioLegend
CD25 VioBright FITC 7D4 1:10 Miltenyi
CD44 FITC M7 1:100 BD Bioscience
CD45R / B220 Alexa Fluor 647 RA3-6B2 1:100 BioLegend
CDh62L APC MEL-14 1:100 BD Bioscience
CD69 PE Cy7 H1.2F3 1:100 BD Bioscience
y6-TCR PE GL3 1:100 BD Bioscience
F4/80 Pacific Blue BMS8 1:100 BioLegend
FoxP3 PerCP Cy5.5 FJK-16s 1:50 eBioscience
Gr-1 PE Cy7 RB6-8C5 1:150 eBioscience
Helios Pacific Blue 22F6 1:50 BioLegend
Ki67 PE Vio770 REA183 1:10 Miltenyi
Ly6C APC eFluor 780 HK1.4 1:10 eBioscience
RORyt APC REA278 1:10 Miltenyi
Thbet PE REA102 1:10 Miltenyi
CD4 Percyp Vio 700 GK1.5 1:20 Miltenyi
CD44 PE IM7.8.1 1:20 Miltenyi
CD62L APC MEL-14 1:100 BioLegend
CD25 PE-Vio770 PC61 1:100 BD Pharmingen
[-17A PE eBiol7B7 1:50 eBioscience
TNFa APC Cy7 MP6-XT22 1:50 BioLegend

3.2 Interstitial fluid isolation and analytics

3.2.1 Animal protocols
All animal experiments within section 3.2 performed at the ECRC (Berlin) were preapproved by the local
ethics committee (C57BL/6J mice: X9009/18, SD rats: Y9004/18) and complied with the German and
European legal animal protection regulations. All mouse experiments were carried out using C57BL/6)
male mice aged 9-12 weeks. All rat experiments were carried out using SD rats aged 19-22 weeks, and for
some experiments both male and female rats were used, which is marked in the corresponding figures.
All experiments where sample collection was initiated at the University of Bergen (Norway) were
performed by Dr. Helge Wiig and Dr. Tine Karlsen. Experiments performed at the University of Bergen

were in compliance with the regulations of the Norwegian State Commission for Laboratory Animals with

50



approval from the AAALAC International Accredited Animal Care and Use Program at University of Bergen

(approval ID #10508 and #13922).

3.2.2 Centrifugation method

[**°, and was adapted for use with

The general principle of the centrifugation method is outline in Wiig et a
Gl tissue in both mouse and rat models. Ahead of the experiment, 5 mL Safety cap reaction vessels
(Ratiolab) were weighed and prepared with a 9 x 9 cm piece of nylon weaved mesh netting (pore size ~15
x 20 um, Burmeister AS) for rats, or 7 x 7 cm netting for mice. A schematic can be seen later in Figure 35,
showing the arrangement of the netting which primarily acts to suspend the tissue from above while the
IF descends into the bottom of the tube. IF should be collected in a humid environment, to avoid
evaporation. We utilized an out-of-use incubator as a humid chamber, acquired from the University Clinic
in Erlangen. The room temperature humid chamber was brought to 100% humidity, and a water repellant

surface is placed inside for sample preparation. Because Gl tissue is very delicate, surgical tools were

covered in 0.5 mm ROTILABO @ silicone hose (Carl Roth) to prevent poking holes in or tearing the gut.

After sacrificing the mouse or rat, the entire Gl tract was removed from the distal esophagus until the
distal colon. Gl tissue was placed immediately in a closed petri dish and placed inside the humid chamber.
The sectioning approach depends on the goal of the experiment, and the animal model used. For mice,
typically 5 segments (colon, cecum, ileum, jejunum, and duodenum) are taken, from the anus to stomach,
but in rats as there is significantly more tissue, each non-cecal segment can be split into multiple
segments. Each piece of tissue was ligated and cut between the ligations, then placed onto the nylon mesh
and pushed down into the 5 mL tube, but still suspended above the bottom of the tube. While preparing
one section of tissue, any other pieces were kept inside a closed petri dish to prevent drying. Filled tubes
were then centrifuged for 10 minutes at 400 x g. The tissue was then removed and set aside. Tubes
containing IF were weighed and ddh20 was added to dilute centrifugation IF, which was then aliquoted
and frozen to -80°C. Site-specific fecal matter was removed from the GI tissue segments after
centrifugation and collected in Corning® cryogenic vials (STEMCELL Technologies) and immediately frozen

to -80°C. Where appropriate the tissue itself was used for histological or immunophenotyping analysis.
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3.2.3 Elution method
The elution approach has been detailed elsewhere for other types of tissue'*’, and we amended this
method for use with Gl tissue. A schematic detailing this method is found in Figure 24. Briefly, excised
tissue was ligated and placed in an isosmotic buffer a 1:10 dilution for a given time, such that highly
abundant metabolites and small molecules should travel from a high (within the IF) to low gradient
(elution buffer). As detailed above, the humid chamber was used to reduce evaporation of IF from the
tissue. The full GI tract was surgically removed from mice or rats as described in 3.2.2. Typically, one
section from the colon, cecum, ileum, jejunum, and ileum were excised, although sectioning for elution
experiments requires smaller pieces of tissue (~ 2-4 cm) so additional segments were added as needed.
As above, coated tools were used to minimize scratching or damage to the gut. Where appropriate, fecal
matter from each respective segment was collected into a corresponding cryogenic vial and frozen at -
80°C immediately. The inner surface of the Gl tract was flushed with elution buffer to remove any
remaining fecal contaminants using a 1.7 x 50 mm Vasofix® Safety IV catheter (B. Braun Medical
Industries) with the needle removed to leave only the plastic tubing, which was attached to the end of a
5 mL syringe (B. Braun Medical Industries). Tissue was then squeezed gently, ligated, and placed in a pre-
weighed 15 mL tube. Isosmotic elution buffer was then added at a 1:10 ratio based on the tissue weight,
and this was placed at 4°C on a rocker for between 2 and 48 hours. Once the elution period was over, the

Gl tissue was removed from the tube, and the elution IF was aliquoted and frozen to -80°C.

Selection of the appropriate elution buffer depends on the intended use for the resultant IF. For example,
mannitol buffer is preferable if the intention is to measure ion concentrations after eluting, whereas saline
buffer, due to a matrix-effect, is preferred for measurement of SCFA from resultant elution fluid. Saline
buffer was pre-prepared isotonic 0.9 % sodium chloride solution for injection (B. Braun Medical
Industries). Mannitol buffer was made by adding 5 % pure (99.9999% identity) D-mannitol (Sigma-Aldrich)
to double-distilled water (18.2 Qm) to achieve an osmolarity of between 285-295 mOsm/kg. Glucose-
based buffer solution was prepared by adding 5 % pure (299.5% identity) D-(+)-Glucose (Sigma-Aldrich) to
double-distilled water (18.2 Qm) to achieve an osmolarity of between 285-295 mOsm/kg. All buffers were
tested using the Knauer Semi-Micro Osmometer — Type ML to ensure the osmolarity was consistent with

that of plasma.
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3.2.4 lon chromatography
lon chromatography measurements were performed by the Wiig lab at the University of Bergen (Norway).
Sodium and potassium in the eluted tissue solutions and serum were baseline separated in a 10 minutes
7.5-60 mmol/LMSA gradient at a flow rate of 0.2 mL/min by a Dionex lonPac CS 16-4um RFIC analytical
column (2x 250 mm, P/N 088582) and guard (2x50 mm, P/N 088583) using a Dionex Integrion HPIC System
equipped with a CDRS 600 (2 mm) Cation Electrolytic Suppressor and a high pressure EGC 500 methane
sulfonic acid eluent generator cartridge. Thereafter ion content was related to tissue wet weight, dry

weight, and water content.

3.2.5 5ICr-EDTA extracellular tracer — centrifugation method
To validate the capture of IF in our methods, the radiolabeled isotope °'Cr-EDTA was used as an
extracellular tracer. The relative level of the tracer in IF compared to serum allows one to conclude
whether the obtained fluid has been diluted by intracellular contents or other extraneous factors.
Extracellular tracer experiments were performed at the University of Bergen (Norway) in collaboration
with Dr. Helge Wiig and Dr. Tine V. Karlsen (approval ID #10508 and #13922). For centrifugation
experiments, the IF/serum ratio of the >'Cr-EDTA tracer should be close to 1.0 if the method applied has
been successful in obtaining IF. Male C57BL/6 mice (n = 7) were anesthetized with 2 % isoflurane in 100
% O, before *'Cr-EDTA (~ 6 million counts in 100 pL isotonic saline) was injected into the tail vein with an
insulin syringe. With the mice under continuous isoflurane anesthesia, the >'Cr-EDTA was left to
equilibrate in the extracellular fluid phase for 1 hour. During the experiment, the body temperature was
kept at 37°C with the aid of a servo-controlled heating pad. At the end of the equilibration period a blood
sample was obtained by cardiac puncture before the mice were terminated by neck dislocation.
Immediately thereafter, the mice were transferred to a humidity chamber keeping 100 % humidity
throughout the rest of the harvesting procedure. Blood samples were spun at 10 621 x g to separate serum
from erythrocytes. | trained Dr. Tine V. Karlsen prior to performing the experiments, and centrifugation
was performed as described in section 3.2.2. A small piece of skin was excised and centrifuged as a
reference sample. One hour after collection, isolated gut and skin IF and serum samples were counted in
a gamma counter and fraction of IF calculated as the IF/serum count ratio for each sample. The same
procedure performed in SD rats (n=8) with minimal modifications and a greater number of segments

because of the Gl length. Due to the rat’s larger body size, they received a higher dose of chromium (~15
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million counts in 100 yL isotonic saline) and the chromium circulated for 2 hours (compared to 1 hour in

mice) before sacrificing and harvesting.

3.2.6 °Cr-EDTA extracellular tracer — elution method
For Elution experiments, *!Cr-EDTA was used to assess how rapidly and reproducibly the tracer could be
extracted from the tissue, to estimate the likelihood that metabolites and other small molecules would
be detected in the elution fluid after a given period where the tissue was bathed in buffer. These
experiments were done in collaboration with Dr. Helge Wiig and Dr. Tine Karlsen from the University of
Bergen in Norway (approval ID #10508 and #13922). Male C57BL/6J mice (n = 6) were anesthetized with
2 % isoflurane in 100 % O, before >'Cr-EDTA (~ 14 mill counts in 100 pL isotonic saline) was injected into
the tail vein with an insulin syringe. With the mice under continuous isoflurane anesthesia, the *'Cr-EDTA
was left to equilibrate in the extracellular fluid phase for 1 hour. During the experiment, the body
temperature was kept at 37°C with the aid of a servo-controlled heating pad. At the end of the
equilibration period a blood sample was obtained by cardiac puncture before the mice were terminated
by neck dislocation. Immediately thereafter, the mice were transferred to a humidity chamber keeping
100 % humidity throughout the rest of the harvesting procedure. Elution samples were isolated as
described in section 3.2.3, and Dr. Tine V. Karlsen was trained in the procedure prior to initiating these
experiments. The samples were placed in a cold room (4°C) on a rocking belly dancer and after 2, 4, 6, 24
and 48 hours a 100 pL sample were removed from the eluted solution for gamma counting. After 48 hours
the gut samples were removed from the mannitol solution and counted. In addition, a serum sample was
also counted for each mouse. The eluted fraction with time was determined by dividing >*Cr-EDTA counts
in the eluted sample at each time point with total counts in the corresponding gut sample prior to elution.
In addition, extracellular fluid volume was found as the plasma equivalent space of >'Cr-EDTA for each gut

segment.

3.2.7 Total tissue water determination
To determine the total tissue water (ECV and intracellular volume (ICV)) of a given segment, the Gl tissue
was removed from the distal colon to the stomach from C57BL/6J mice (n=7). Samples were segmented
into colon, cecum, ileum, jejunum, and duodenum sections. Each segment was cut lengthwise, and fecal
contents were carefully removed. Tissue was lightly rinsed with 1x DPBS (Gibco), and carefully blotted to

remove excess water. Cleaned tissues were then weighed and placed in the UF450 drying oven (Memmert
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GmbH) to dry for 36 hours at 70°C. Tissues were weighed a second time after 100 hours to ensure that all
fluid was dried out of the tissue, and indeed the weight did not change beyond 36 hours, therefore the
tissue had been dried completely. The dry weight was divided by the wet weight of the tissue to give the

fraction of a given tissue weight which could be attributed to a fluid compartment.

3.2.8 Proteomics analysis
Mouse experiments- Protein concentration of IF and serum samples was measured by BCA assay. Twenty
micrograms of protein were digested with trypsin, and 2 micrograms were used as input for IF and serum
samples, normalizing the intake material across conditions. 1 volume of SDC lysis buffer was added and
samples were heated for 10 min at 95°C. After cooling down to room temperature Endopeptidase LysC
and sequence grade trypsin was added at a protein:enzyme ratio of 50:1 and samples were digested
overnight 37°C. After adding formic acid (1% final concentration) peptides were cleaned-up (C18 stage
tips) and analyzed by reversed phase chromatography (98 min gradient of 2-55% acetonitrile) on a High-
Performance Liquid Chromatography (HPLC) system (ThermoFischer Scientific) coupled to an Q Exactive
HF-X mass spectrometer for mouse experiments (ThermoFischer Scientific). The instrument was operated
in the data-dependent mode with performing full scans (60K resolution; 3 x 10° ion count target;
maximum injection time 10 ms), followed by top 20 MS2 scans using higher-energy collision dissociation
(NCE of 27; 15K resolution, 1 x 10° ion count target; 1.3 m/z isolation window; maximum injection time:
22 ms). Only precursors with charge states between 2-7 were fragmented. Dynamic exclusion was set to
30 sec. Raw data were analyzed using the MaxQuant software (v1.6.10.43). The internal Andromeda
search engine was used to search MS2 spectra against a mouse decoy UniProt database (MOUSE.2019-
07) containing forward and reverse sequences. The search included variable modifications of oxidation
(M) and N-terminal acetylation, deamidation (N and Q) and fixed modification of carbamidomethyl
cysteine. Minimal peptide length was set to 7 amino acids and a maximum of three missed cleavages was
allowed. The false discovery rate (FDR) was set to 1% for peptide and protein identifications. The
integrated label-free quantification algorithm was activated. Unique and razor peptides were considered
for quantification. Retention times were recalibrated based on the built-in nonlinear time-rescaling
algorithm and MS/MS identifications were transferred between LC-MS/MS runs with the “Match between
runs” option. The resulting text files were used for further analyses using the Perseus software package
(v. 1.6.2.1). LFQ (label-free quantification) intensity values were used for quantification. Reverse hits,

contaminants and proteins only identified by site were filtered out.
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Rat experiments - Protein concentration was measured by BCA assay. Twenty micrograms of protein were
digested with trypsin, and 2 micrograms were used as input for IF and serum samples, normalizing the
intake material across conditions. 1 volume of SDC lysis buffer was added and samples were heated for
10 min at 95°C. After cooling down to room temperature Endopeptidase LysC and sequence grade trypsin
was added at a protein:enzyme ratio of 50:1 and samples were digested overnight 37°C. After adding
formic acid (1% final concentration) peptides were cleaned-up (C18 stage tips) and analyzed by reversed
phase chromatography (2ug per injection, 98 min gradient of 2-55% acetonitrile) on a HPLC system
(ThermoFischer Scientific) coupled to an Q Exactive Plus mass spectrometer (ThermoFischer Scientific).
The instrument was operated in the data-dependent mode with performing full scans (70K resolution; 3
x 10° ion count target; maximum injection time 50 ms), followed by top 10 MS2 scans using higher-energy
collision dissociation (NCE of 26; 17.5K resolution, 5 x 10* ion count target; 1.6 m/z isolation window;
maximum injection time: 250 ms). Only precursors with charge states between 2-6 were fragmented.
Dynamic exclusion was set to 30 sec. Raw data were analyzed using the MaxQuant software (v1.6.3.4).
The internal Andromeda search engine was used to search MS2 spectra against a rat decoy UniProt
database (RAT.2019-07) containing forward and reverse sequences. The remainder of the method
(peptide identification, selection, quality control and data analysis) was the same for rats as in mice,

detailed above.

Where appropriate, missing values were imputed by random draw from Gaussian distribution with
0.3*standard deviation and downshift of 1.8*standard deviation of the observed values per sample. When
the percentage of valid values for a given protein was used as an inclusion criterion, unimputed values
were exclusively considered for data filtration. For all experiments from rats and mice, similar statistical
methodologies were used. Euclidean distances were used for all cluster-based analyses along an axis.
Pearson’s correlation was used to assess the similarities between given samples either individually or by
the group mean. Principal component analysis (PCA) with Euclidean distances was used to assess
similarities between samples. An FDR correction of 5% was applied for statistical testing unless otherwise
stated. All proteomics experiments were performed in collaboration with Dr. Marieluise Kirchner and Dr.

Philipp Mertins from the BIH Proteomics Core Facility (Berlin).
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3.3 Shared methods

3.3.1 Metabolomics analysis of short chain fatty acids
SCFA from C57BL6/J GF and CONV mouse feces were isolated and measured towards study aim 2.1 using
GCMS exactly as described in Haghikia et al.}”? These experiments were performed in collaboration with
the lab of Stefan Kempa with the assistance of Sabrina Geisberger (MDC Proteomics and Metabolomics
Platform, Berlin). Modifications were made to the method described in Haghikia et al.1”2 to measure SCFA

from fecal, serum, and IF samples towards aim 2.2. The full method is therefore described here in detail.

Briefly, 90uL of serum or IF samples (with diluent of ddH,0 included where appropriate) were extracted
by shaking for 30 min at 25°C in 100 pL diethyl ether and 10uL HCI. Stool samples were extracted with 20
pL of HCl and 200 pl of diethyl ether per 10 mg of stool. After centrifugation for 5 minutes at 1500 x g, 50
uL ether phase was transferred into GC-MS glass vials. Derivatization was performed with 10 uL MTBSTFA
for 30min at 80°C, followed by overnight incubation at room temperature. 100 uM crotonic acid was
spiked in as internal control in all samples. 1000 uM sodium acetate was added to serum samples to
increase signal above background. Pure water, as well as dilution series of Volatile Free Acid Mix
(CRM46975, Sigma Aldrich) were prepared and measured in parallel and served as background and
calibration curve, respectively. GC-MS analysis was performed on a Thermo Scientific™ Q Exactive™
hybrid quadrupole Orbitrap mass spectrometer, coupled to a Thermo Scientific™ TRACE 1300 Series gas
chromatograph and a Thermo Scientific™ TriPlus RSH Autosampler, at a resolution of 60,000, scan range
of 65 to 600 m/z and with a split of 1:10. Initial temperature was 68°C, held for 2 minutes, followed by a
7 °C/minute ramp until 150 °C and a final 50 °C/minute ramp until 300 °C, held for 2 minutes. Data was
analyzed with Thermo Scientific™ Xcalibur™ Quan Browser Software. If technical failures occurred (e.g.,
extraction was not successful, internal standards were not measurable) these values were removed from
the analysis. For any Elution IF samples which were used for SCFA determination, an isosmotic saline
buffer solution was used for isolation. In the initial assessments of SCFA from elution IF, a mannitol-based
buffer solution was deemed inappropriate because the standard curve for concentration determination
was not linear. The concentration curve in a saline-based buffer was similar to in ddH20, therefore this

buffer was used for further measurements.
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3.3.2 Statistical analysis
Statistical analysis for aim 2.1- Univariate data was analyzed using two-way ANOVA, where the
interrogated factors were hypertension and microbiome status. When one or both factors were
significant, post-hoc testing with Sidak's multiple comparison test was performed to identify the source
of variation. Technical failures were removed from analysis prior to statistical testing. For the assessment
of relative change for an individual marker within GF and COL groups, values from hypertensive mice were
expressed as a percentage of the mean of the respective sham group. COL and GF were then compared
using unpaired two-tailed Student’s t-test. P < 0.05 was considered statistically significant for all tests

performed in the aforementioned analysis.

Multivariate principal coordinate analysis (PCoA) and subsequent testing using permutational multivariate
analysis of variance (PERMANOVA) was performed in R using the vegan®®® package, and Euclidean distance
(kidney, heart, and immunome data) or Bray-Curtis distance (microbiome) were used for dissimilarity
indices. For heatmaps, hypertensive COL and GF mice were compared to their respective sham group
using Mann-Whitney U test. Multiple comparisons were adjusted using Benjamini-Hochberg correction
for false discover rate. Q < 0.1 was considered statistically significant. Effect size analysis was performed

2! packages.

using Cliff’s delta in R with orddom'’°, and visualized with ggplot
Statistical analysis for aim 2.2- Statistical methods applied were dependent on the experimental design
and are listed alongside each figure. For proteomics measurements, the appropriate statistical methods
are detailed in section 3.2.8. Data were considered for paired analysis when sequential measurements
were taken from one biological sample; and were tested using repeated-measures one-way ANOVA with
Tukey’s multiple comparisons test. Ordinary one-way ANOVA with Tukey’s multiple comparisons test was
used for testing differences between segments in the Gl tract. When comparing multiple groups to a
reference value, an ordinary one-way ANOVA with Dunnett’s post-hoc test was applied. Unpaired two-
tailed Student’s t-test and two-way ANOVA testing was used as described above where appropriate. P <

0.05 was considered significant.

Universal- All statistical analyses, unless otherwise stated within a respective method, were performed

using either R version 4.0.2 or GraphPad Prism 9.
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4. Results

4.1 The contribution of the gut microbiome to hypertensive end-organ damage

4.1.1 \Verification of experimental integrity
To address aim 2.1, littermate mice were randomized at 4-weeks to either receive colonization or to
remain GF for the duration of the experiment, and at 12-weeks hypertension was induced (see Figure 4).
To confirm the reliability of our experiments, the colonization or GF status of experimental mice was
assessed at 14 weeks upon sacrifice. GF status is characterized by an enlarged cecum (e.g., megacecum),
which disappears upon colonization. Indeed, the megacecum was present in GF mice and did not persist
in the mice which received passive colonization at week 4 (COL) (Figure 5A). Fecal bacterial growth in
thioglycolate medium was examined from pellets produced on the final day of experimentation, which

confirmed the status of GF mice (representative images shown in Figure 5B).

Figure 5. Microbiome status verification from GF experiments

Representative images of GF and COL mouse Gl tract from stomach to anus are shown in (A) upon sacrifice.
B) Representative images of thioglycolate medium with fecal pellets from GF or COL mice upon sacrifice,
compared to a negative control (no fecal pellet). Samples were collected by Dr. Hendrik Bartolomaeus and
Gabriele N’diaye (ECRC, Berlin).

To check the comparability of the bacterial load in COL mice compared to classic CONV C57BL/6J mice,
16s rDNA copies per gram stool were measured by gPCR. Additionally, these experiments allowed us to
confirm again that the GF mice were indeed GF at sacrifice. Fecal matter was tested from all experimental
animals; cecal matter was collected from selected representative animals. All COLand CONV SPF mice had
similar levels of 16s rDNA in their cecal and fecal matter, whereas GF mice did not have more 16S rDNA
copies than blank samples (Figure 6A). Shotgun metagenomics was used to show the bacterial
composition on the phylum and genus level grafted into COL mice with and without Ang Il treatment

(Figure 6B-C). The goal of sequencing was not to look for shifts in the gut microbiome during hypertensive
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treatment, as this has been robustly demonstrated in previous studies (see 1.3.1); but rather to provide
the microbiome information to facilitate reproducibility in future studies. Overall, the microbiome status
of GF and COL groups was maintained as intended and therefore we proceeded with phenotypic

evaluation.
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Figure 6. Microbiome status verified by qPCR and shotgun sequencing

For all figures in section 4.1, hypertension induction (Ang Il + 1% NaCl) is abbreviated as HTN in figures for
brevity. A) 16s rDNA copies per gram of fecal matter from fecal (CONV n=6, COL n= 17, GF n=13) and cecal
content (CONV n=6, COL n= 10) demonstrates the similarity between CONV and COL mice, and the absence
of 16s rDNA in GF samples when compared to buffer alone (Blank n= 2). The mean relative abundance of
phyla in cecal and fecal matter from COL mice is shown in (B), and the mean relative abundance of genus
(filtered for those with greater than 5% relative abundance in at least one subgroup) are shown in (C)
(Cecum COL Sham n = 5, Feces COL Sham n=5, Cecum COL+ HTN n=5, Feces COL+ HTN n=12). Microbiome
sequencing data was annotated by Dr. Ulrike Léber (ECRC, Berlin), and | performed the subsequent
analyses.

4.1.2 Hypertensive kidney damage is exacerbated under GF conditions
As detailed in section 1.1.2, uncontrolled hypertension can lead to the development of kidney damage,
which is characterized by abnormally high excretion of albumin with the urine (albuminuria), fibrosis, and
inflammation. For all analyses of individual disease markers both a two-way ANOVA testing strategy which
included all experimental groups, and a relative change assessment was performed. To evaluate relative
change for an individual marker within GF and COL groups, values from Ang Il + 1% NaCl (henceforth
referred to as hypertension) mice were expressed in percent of the mean of the respective sham group.
Hypertension induction without uninephrectomy led to a slight increase in albuminuria in COL mice
(Figure 7A), similar to what has been previously published.'”® Interestingly, GF mice developed a greater
degree of albuminuria upon hypertension induction, which is abundantly clear when comparing the
relative increase of GF and COL mice compared to their respective sham groups (Figure 7A). Lipocalin-2

(Lcn2) a known marker for renal injury, was increased significantly in GF mice and not COL mice by two-
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way ANOVA (Figure 7B), though the relative change in this marker was not different between GF and COL.
Nephrin deficiency in hypertension has been associated with reduced function of the glomerular filtration
barrier and the development of proteinuria.'’* A significant decrease of nephrin immunofluorescence in

GF mice was evident, where COL mice exhibited a similar but insignificant trend (Figure 7C-D).
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Figure 7. Hypertensive kidney dysfunction is exacerbated in GF mice

A) Urinary albumin-to-creatinine ratio from spot urine collected upon sacrifice from a subset of mice (COL
n=5 COL+HTNn=5,GFn=4, GF+ HTN n = 6). B) Lcn2 gene expression was measured from kidney tissue
by qPCR. C) Nephrin immunofluorescence was quantified as mean fluorescence intensity (MFI) in the
glomerular space, averaged per mouse. D) Representative glomeruli are shown from histological kidney
sections stained for nephrin. The scale bar represents 20 um. Throughout the rest of the analysis, n
numbers are as follows;, GF Sham n =5, GF + HTN n=12, COL Sham n=5, COL + HTN n =12, unless
otherwise indicated. In A-C, the left graph was tested using a two-way ANOVA and post-hoc Sidak multiple
comparison's test and depicts the raw values for each variable. For A-C, hypertension was identified as the
source of variation using two-way ANOVA, and post-hoc multiple comparison between sham and
hypertension within each group revealed that the GF comparison was the source of variation. The right
plot in A-C depicts the relative change induced by hypertension in comparison to the respective sham
group, tested using an unpaired two-tailed T-test (no change (100%) represented by the dotted line). For
all plots, p-values are as follows; * P < 0.05, ** P < 0.01. Ariana Rauch analyzed the nephrin staining. |
performed the analysis of urinary albumin-to-creatinine, as well as the quantification of Lcn2 expression,
and all subsequent analysis.

Differences in kidney inflammation were also evident in GF and COL mice. As expected, the overall number
of leukocytes (CD45+ cells) within the kidney was increased in GF but not COL in hypertension (Figure 8A).
Hypertension resulted in a significant increase in macrophages (F4/80+ cells, Figure 8B) in the kidney of
GF mice but not COL. In line with this, we found that the expression of CC-chemokine ligand 2 (Cc/2, Figure
8C) increased in only GF mice. Local Ccl2 expression is associated with macrophage infiltration in

hypertension and contributes to the development of fibrosis in target organs.'’® Infiltrating T cells (CD3+,
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Figure 8D) and cytotoxic T cells (CD8+ cells, Figure 8E) were likewise increased in the GF group and not
COL upon hypertension. While T helper cells (CD4+ cells) were found to increase in both GF and COL mice,
though the relative change in GF mice was significantly different than COL (Figure 8F). Indeed, the change
in hypertension relative to sham was consistently exacerbated in GF compared to COL for all immune

populations which were examined in the kidney.
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Figure 8. Hypertensive renal inflammation is worsened under GF conditions

A) CD45+ cells, (B) Macrophages (F4/80+), (D) CD3+ T cells (E) CD8+ T cells, and (F) CD4+ T cells from kidney
sections were counted from 5 representative high-power fields within the cortex. Dr. Hendrik
Bartolomaeus assisted with the analysis shown in (D-F). C) Ccl2 expression measured by gPCR from kidney
tissue. For (A-F), the left plot was tested using a two-way ANOVA and post-hoc Sidak multiple comparison's
test. In (A-E), hypertension was identified as the source of variation using two-way ANOVA, and post-hoc
multiple comparison between sham and hypertension within each group revealed that the GF comparison
was the source of variation. In (F), hypertension was identified as the source of variation using two-way
ANOVA, and post-hoc multiple comparison between sham and hypertension within each group revealed
that both the GF and COL comparisons were significant. The plot on the right in (A-F) shows the relative
change induced by HTN in comparison to the respective sham group, tested using an unpaired two-tailed
T-test. No change (100%) is depicted with a dotted line. For all plots, p-values are as follows; * P <0.05, **
P<0.01, *** P<0.001, **** P <0.0001.

Lastly, we investigated kidney fibrosis. Expression of Col3al, a typical marker for fibrosis, significantly
increased only in hypertensive GF mice (Figure 9A). Perivascular fibrosis analyzed by Masson's trichrome
staining was accentuated in GF mice but not statistically different between the groups using two-way
ANOVA; although when comparing the relative increase from sham to hypertension, there was a
significant difference between GF and COL (Figure 9B-C). A previous study examining the impact of GF
status on the progression of kidney injury demonstrated that sham-treated GF mice tended to have lower

baseline values for putative kidney damage markers when compared to COL®, and a similar (albeit
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statistically insignificant) pattern could be seen for some markers in our mice. Overall, renal pathology
upon hypertension induction was greater in GF mice when compared to their COL littermates.
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Figure 9. Hypertensive kidney fibrosis is increased in GF mice relative to COL

In (A), Col3al expression was measured by qPCR from kidney tissue. Perivascular fibrosis from Masson's
Trichrome Staining histological evaluation, measured as the fibrosis positive area divided by the medial
area of the vessel, quantified in (B) and representative images are shown in (C). The scale bar represents
20 um. For (A-B), the left graph was tested using a two-way ANOVA and post-hoc Sidak multiple
comparison's test. In (A), hypertension was identified as the source of variation using two-way ANOVA,
and post-hoc multiple comparison between sham and hypertension within each group revealed that the
GF comparison was the source of variation. In the right plot for panels (A-B), the relative change induced
by hypertension in comparison to the respective sham group was tested using an unpaired two-tailed T-
test. No change (100%) depicted as dotted line. For all plots, p-values are as follows; * P < 0.05.

4.1.3 Hypertensive heart damage is impacted by microbiome status
Cardiac dysfunction and hypertrophic remodeling are hallmarks of hypertensive pathogenesis. Cardiac
hypertrophy was calculated as the heart weight-to-tibia length ratio (Figure 10A), which was only
increased in hypertensive GF mice relative to their control. Left ventricular weight was estimated from
echocardiography relative to the tibia length (Figure 10B) and similarly showed an increase in GF but not
COL hypertension-treated mice. Cardiac Nppb expression (natriuretic peptides B, a known regulator of
cardiorenal homeostasis; Figure 10C) confirmed this pattern. At later stages in cardiac dysfunction, systolic
heart failure often develops, which is measured as a reduction in the ejection fraction. Neither the

hypertensive GF nor COL mice had a reduced ejection fraction relative to their sham controls (Figure 10D).
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Figure 10. Cardiac dysfunction is moderately increased in GF mice

In (A), the heart weight normalized to tibia length [g/m] was taken at sacrifice. B) Left ventricular (LV)
mass was estimated using echocardiography and normalized to the tibia length [g/m]. C) Cardiac
ventricular natriuretic peptide gene expression (Nppb) was measured by qPCR. D) Echocardiography prior
to sacrifice revealed no change in the ejection fraction in GF or COL mice. Echocardiography for (B) and (D)
were performed in collaboration with the MDC Animal Phenotyping Technology Platform. Two-way
ANOVA and post-hoc Sidak multiple comparison's test were used to test significance in the left plot in (A-
D). In (A-C), hypertension was identified as the source of variation using two-way ANOVA, and post-hoc
multiple comparison between sham and hypertension revealed that the GF comparison was the source of
variation. To the right in (A-D), the relative change induced by hypertension in comparison to the respective
sham group was tested using an unpaired two-tailed T-test. No change (100%) depicted as a dotted line.
For all plots, p-values are as follows; * P < 0.05, *** P <0.001

Disparate to the kidney phenotype, cardiac fibrosis was regulated in both GF and COL mice. Perivascular
(Figure 11A and 11C) and interstitial (Figure 11B and 11D) fibrosis were increased in hypertensive GF and
COL mice compared to their respective sham group, though using two-way ANOVA, only the GF group
reached significance. Interestingly, when assessing the relative increase in hypertension compared to
sham for markers of both perivascular and interstitial fibrosis, there was no difference in GF compared to

COL mice (Figure 11A-11D).

64



=)
o
N
=}

© *k — 250 — —_

A) 25 e § B) 2 g* = [[]Sham
55 8 «3200 %f 0.15 ~E Q.HTN
&3 55 8sg g5
sE © §§1soﬁ §6010 E§ L, LI Sham
33 @ £ 100qet 2o 2£ £% O OwurN

4 a =5 Q
52 00s 35
55 2 5 50 ES 5 g 30co
= ° Qo o -—
s 3 £ ] s Sl GF
E o 0 0.00 0 2
COoL GF COL GF CcoL GF COL GF

C) COL Sham COL + HTN GF Sham GF + HTN
=93
o=
38

(7]
tQ
Q3
o 0
S
8%
0Z

Fibronectin DAPI

Figure 11. Cardiac fibrosis is regulated in GF and COL mice

Perivascular fibrosis from cardiac vessels, evaluated by measuring the fibrotic area relative to the medial
area of vessels from Collagen 1 stained histology slides is quantified in (A) and representative images are
shown in (C). B) Cardiac interstitial fibrosis was evaluated as fibronectin positive area proportionate to
total area from 5 representative 40x magnification pictures from histological slides, and representative
images are shown in (D). In (C-D) the scale bar represents 40 um. In (A-B), hypertension was identified as
the source of variation using two-way ANOVA, and post-hoc testing revealed that the GF comparison was
the source of variation. In (A-B), the right plot shows the relative change induced by Ang Il + 1% NaCl in
comparison to the respective sham group, tested using an unpaired two-tailed T-test. No change (100%)
depicted as dotted line. For all plots, p-values are as follows; ** P < 0.01.

Next, cardiac inflammation was examined. Despite an increase in Ccl2 expression in GF and not COL
(Figure 12A), macrophages (F4/80+) were increased in both GF and COL hearts upon hypertension. The
change in overall leukocytes (CD45+) within the heart mimics the changes seen for macrophages (Figure
12C). Furthermore, no significance was reached when comparing CD4+ T helper cell infiltration using two-
way anova (Figure 12D), whereas CD8+ cytotoxic T cells increased in both hypertensive GF and COL mice
compared to sham (Figure 12E). Nevertheless, the relative comparison between sham and hypertension
in GF and COL did reach significance for Ccl2, F4/80+, CD45+, and CD8+ cells, where GF was seen to have

a greater increase for these inflammatory parameters (Figure 12A-C, E).
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Figure 12. Hypertensive cardiac inflammation is regulated in both GF and COL mice

A) Ccl2 was measured by PCR from heart tissue. B) Macrophages (F4/80+) and (C) leukocytes (CD45+) were
counted from 5 representative high-power fields. CD4+ (D), and CD8+ (E) T cells were counted from whole
heart sections. On the left (A-E), two-way ANOVA and post-hoc Sidak multiple comparison's test was used
to test relevant comparisons. In (A), hypertension was identified as the source of variation using two-way
ANOVA, and post-hoc multiple comparison between sham and hypertension within each group revealed
that the GF comparison was the source of variation. In (B-C), hypertension and the microbiome were both
identified as sources of variation and all significant post-hoc comparisons are indicated. In (E),
hypertension was identified as the source of variation and post-hoc multiple comparison revealed that
both the GF and COL within-group comparisons were significant. For (A-E) on the right, an unpaired two-
tailed T-test was used to assess the relative change induced by hypertension in comparison to the
respective sham group. No change (100%) depicted as dotted line. P-values are as follows; * P < 0.05, **
P<0.01, *** P<0.001, **** P <0.0001.

4.1.4 The kidney is more sensitive to microbial status in hypertension than the heart
The size of the hypertension-induced effect within each group was additionally assessed by calculating
the effect size (Cliff's delta) and fold change for all markers used to examine the phenotype in the kidney
(Figure 13A) and heart (Figure 13B). Using this comprehensive univariate testing strategy, the impact of
hypertension in GF and COL relative to their respective controls was analyzed and robust false discovery
rate (FDR) correction was applied. All the markers which were assessed were grouped into subcategories
to see whether any distinct patterns would emerge from these data. Across the subcategorizations of
damage, fibrosis, and inflammatory markers in the kidney, the data convincingly suggest that GF mice

experienced worsened hypertension-related kidney outcomes compared to COL mice (Figure 13A).

Unlike in the kidney, the distinctions between GF and COL were less evident in the heart (Figure 10-12).
Although there was a hypertension effect in COL mice, significance was often not reached within the

context of the initial statistical approach (two-way ANOVA) (e.g., cardiac interstitial and perivascular
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fibrosis or cardiac Nppb). Using the comprehensive univariate testing strategy for the cardiac phenotypic
data, considerable overlap between the effects of hypertension in GF and COL were evident (Figure 13B).
There is an obvious congruence between the parameters examining hypertension-related cardiac fibrosis
(e.g., Colla2, Col3al, and Acta2 expression) in GF and COL. While several cardiac parameters reached
significance here in GF and COL mice, a few markers only reached significance in the GF group (e.g., LV
mass-to-tibia length, lung weight-to-tibia length, Ccl2 and TNFa expression). Altogether, these data
suggest that the development of hypertension-induced kidney damage is highly sensitive to the host’s
microbial status. While the cardiac phenotype was influenced by the microbial status to a degree, the
development of hypertension-related cardiac dysfunction was not diametrically different in GF and COL

mice, unlike what was seen for the kidney.
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Figure 13. Comprehensive univariate evaluation of the kidney and cardiac phenotype

A) Effect sizes (Cliff’s delta [D]) and fold changes were used to assess the effect of hypertension treatment
relative to the respective sham group in GF and COL on the kidney phenotype (A) and cardiac phenotype
in (B). Color and triangle direction indicates effect size. Size indicates log2-transformed fold change
(Log2FC) of hypertension compared to the respective sham group. Significance was calculated using the
Mann-Whitney U-test and was FDR-corrected with the Benjamini-Hochberg procedure to account for
multiple testing. Markers for significant Q-values are superimposed, and transparency indicates non-
significant effects. °q < 0.1, *q < 0.05, **q < 0.01. Variables from kidney analysis in (A) are organized by
subcategory (Damage, Fibrosis, Inflammation). Variables from cardiac analysis in (B) are organized by
subcategory (Function, Hypertrophy, Fibrosis, Inflammation).
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PCoA was also used to summarize the overall (dis)similarities amongst all experimental groups from the
kidney (Figure 14A) and heart (Figure 14B) phenotypic data. To assess pairwise comparisons of interest,
the overall dataset was divided and tested using PERMANOVA (Figurel4A-B). Pairwise PERMANOVA
within the kidney revealed a significant distance between sham COL and hypertensive COL mice (P-
value=0.012, F-value= 4.8). The impact of the treatment did result in a larger effect within the equivalent
GF comparison, as determined by the F-value (P-value= 0.001, F-value= 8.2). In line with our initial
univariate analyses (Figure 7-9, Figure 13A), the overall phenotypic change in the kidney in response to
hypertension was larger in GF mice than in COL mice. As expected, the pairwise PERMANOVA between
hypertension-treated GF and COL groups (P-value= 0.044, F-value= 3.2) was significant. Despite some
slight differences within the sham groups (e.g., albuminuria, F4/80+ cells), pairwise comparison of GF and

COL sham groups was insignificant (P-value= 0.262, F-value= 1.4).

Pairwise comparisons were also used to assess the trajectory of each group in the cardiac phenotypic
space (Figure 13B). Consistent with the findings from the univariate evaluations of the overall cardiac
phenotype (Figure 10-12, Figure 13B), the comparison between GF and COL hypertension groups showed
significant overlap in the PCoA plot. Likewise, pairwise comparison between GF and COL hypertension
groups was not significant (P-value=0.391, F-value=1.1). Conversely, the difference between sham GF and
COL samples was significant, indicating that the basal cardiac phenotype was influenced by colonization
(P-value = 0.01, F-value =5.6). As anticipated, comparison of hypertension to sham from GF (P-
value = 0.01, F-value = 4.8) and COL (P-value = 0.046, F-value = 3.2) were both significant. The larger F-
value in the GF group does mirror the larger phenotypic shifts in GF mice, most likely driven by significantly
different sham groups. Taken together, the univariate and multivariate approaches indicate a larger effect
of hypertension in GF mice for the most part, although there is a clear difference dependent on the organ
of interest. In the case of the kidney, this increased effect was driven by a stronger adverse response of
GF mice to hypertension, whereas in the case of the heart, this effect was driven by phenotypic differences

in the healthy groups (sham-treated mice).
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Figure 14. Comprehensive multivariate evaluation of the kidney and cardiac phenotype

PCoA was performed using multi-dimensional scaling (MDS) reduction based on Euclidean distances for
(A) kidney and (B) cardiac phenotypic data to demonstrate the dissimilarities between samples from each
group. Box plots corresponding to each MDS can be seen along the axes. Select pairwise comparisons
between groups were performed using PERMANOVA testing and reported in the inset table.

4.1.5 The impact of the microbiome on vascular reactivity and BP
While the primary aim of this study was to investigate the impact of the microbiome in hypertensive heart
and kidney damage, the vascular phenotype in these mice was also of interest. Others have suggested
that vascular reactivity and BP homeostasis may be dependent on microbial colonization.?”” 178 |t would
have been interesting to confirm the increase in BP associated hypertension induction, alongside the
phenotypic shifts in the kidney and heart. It is possible that GF mice and COL mice may have developed
differences in their basal mean arterial pressure (MAP) or BP reactivity to Ang Il through the colonization
process. Although, implantation of telemetry devices for BP monitoring requires microscopic vascular
surgery, which was not feasible under sterile conditions in our primary experimental animals. To address
the lingering questions about GF and COL vascular reactivity, additional mice were colonized via the same
colonization procedure as previously outlined in 3.1.1, and in vivo BP measurements using an implanted
arterial catheter in freely moving mice were performed. At baseline, GF mice had a significantly higher
MAP than their colonized counterparts (Figure 15A). The mean MAP of each group (GF mean value =118.4
mm Hg, COL mean value = 107.8 mm Hg) was still in a range considered normal for untreated C57BL/6)
mice'’%, though this does not negate the potential impacts of a nearly 10 mm Hg increase experienced by

GF mice. Acute intravenous infusion of Ang Il was used to test whether Ang II-dependent reactivity of the
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vasculature is similar in these mice. Ang Il infusion produced a comparable increase in BP in GF and COL
mice (Figure 15B). For the sake of comparison to our primary animal experiments, the chronic infusion

rate of the implanted Ang Il minipumps is 16.67 ng/kg per second.
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Figure 15. In vivo vascular reactivity of COL and GF mice

A) Awake, resting GF and COL mice were implanted with an arterial catheter to measure BP. The difference
in baseline MAP was tested using an unpaired two-tailed t-test (** P < 0.01). B) BP was measured after
acute intravenous infusion of a defined bolus of Angiotensin Il. No statistical difference between the BP
increase in GF and COL mice was found using a two-way repeated measurement ANOVA (p=0.14). Ang Il
dose, as expected, had a significant influence on the rise in BP (p < 0.0001, not shown). This experiment
was done in collaboration with André Felipe Rodrigues and Mihail Todiras of the Bader lab (MDC, Berlin).

4.1.6 Inflammation in hypertension is impacted by the microbiome
Immune mechanisms are known to play a role in the pathogenesis of hypertension (detailed in section
1.3.2) and certain microbially-produced metabolites (e.g., SCFA and ILA) can influence these inflammatory
processes (detailed in section 1.3.3). The splenic immune cell composition was used as a surrogate
parameter to investigate systemic inflammation in GF and COL mice with hypertension by flow cytometry.
In total, of 23 immune cell subsets which were quantified, 12 were differentially affected by hypertension

when comparing each treated group to the respective sham.

Table 3. Immune cell subsets measured in GF and COL mice

P P Q Q FC FC D D
Category Variable GF COoL |GF CcoL |GF COL | GF coL
Th cell differentiation | Ki67+ % of Treg 0.058|0.014 | 0.110 | 0.062 |1.742|1.423|0.617 |0.767
Th cell differentiation | Th17 % of T helper cells 0.002 | 0.001 | 0.017 | 0.007 |5.138|3.797 | 1.000 |0.967
Th cell differentiation | Ki67+ % of Th17 0.646 | 0.140 | 0.708 | 0.268 | 1.008 | 0.833 | -0.167 | -0.483
Th cell differentiation | Th1-like Th17 % T helper cells 0.058|0.101|0.110 | 0.239 |2.842|2.937|0.617 |0.533
Th cell differentiation | Ki67+ % of Th1-like Th17 0.013 | 0.104 | 0.050 | 0.239 |1.729 | 1.287 | 0.800 |0.533
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Th cell differentiation | Th1 % of T helper cells 0.721|0.506 | 0.754 | 0.646 |0.942|0.770|-0.133|-0.233
Th cell differentiation | Ki67+ % of Th1 0.023 | 0.562 | 0.076 | 0.660 | 1.365|1.051|0.733 | 0.200
T cell overview T cells % of splenocytes 0.87410.342 | 0.874 | 0.492 |1.001|0.963 | -0.067 | -0.317
Th cell differentiation | Treg % of T helper cells 0.442 | 0.574 | 0.508 | 0.660 |0.876|0.818 | -0.267 | -0.200
T cell overview T helper % of T cells 0.082|0.013 | 0.145 | 0.062 | 0.942 | 0.931 | -0.567 | -0.800
T cell subtype Central memory % of T helper cells 0.002 | 0.916 | 0.017 | 0.916 |0.440|1.134 |-0.983 | 0.050
T cell subtype Effector memory % of T helper cells 0.246 | 0.646 | 0.333 | 0.675 | 1.159|1.097 | 0.383 |0.167
T cell subtype Naive % of T helper cells 0.130|0.234 | 0.213 | 0.385 | 1.069 | 0.915 | 0.500 |-0.400
T cell subtype Effector memory % of cytotoxic T cells |0.006 | 0.130 | 0.028 | 0.268 | 0.578 | 1.359 | -0.833 | 0.500
T cell subtype Central memory % of cytotoxic T cells 0.031|0.460 | 0.088 | 0.622 |1.333|0.928 | 0.700 |-0.250
T cell subtype Naive % of cytotoxic T cells 0.225|0.646 | 0.324 | 0.675 | 1.034 | 0.953 | 0.400 |-0.167
T cell overview gd T cells % of T cells 0.315|0.315| 0.382 | 0.484 | 0.951 | 1.067 | -0.333 | 0.333
Innate immunity gMDSC % of splenocytes 0.001 | 0.082 | 0.017 | 0.235 |5.865 | 1.755| 0.933 | 0.567
Innate immunity mMDSC % of splenocytes 0.160 | 0.000 | 0.245 | 0.007 | 1.684 | 3.000 | 0.467 | 1.000
Innate immunity CD11c low CD11b high % of splenocytes | 0.037 | 0.027 | 0.093 | 0.103 | 0.852 | 1.667 | -0.667 | 0.717
Innate immunity CD11c high CD11b+ % of splenocytes 0.057 | 0.186 | 0.110 | 0.329 | 0.732 | 0.755|-0.617 | -0.433
Innate immunity CD11c+ CD11b- % of splenocytes 0.292 | 0.082 | 0.373 | 0.235 | 0.881|1.170 | -0.350 | 0.567
Innate immunity CD11c- CD11b+ % of splenocytes 0.004 | 0.006 | 0.022 | 0.047 | 2.795|1.677 | 0.867 |0.833

Univariate analysis from the immune data measured using flow cytometry from sham and hypertensive
mice in GF and COL. P represents the raw P-value, and Q represents the P-value after FDR correction. FC s
the fold-change of the hypertension effect relative to sham (which was log2 transformed for plotting in
Figure 16B). D represents the effect size (Cliff’s delta) of the hypertension to sham effect within GF or COL.

The impact of each of the 23 immune parameters on the trajectory of each treatment group multivariately
was examined using PCoA (Figure 16A). Because it is known that the immune system of GF mice differs
from their colonized counterparts®, it was unsurprising that the pairwise comparison of sham-treated GF
and COL mice (P-value = 0.011, F-value = 6.6) was significant. It is indeed intriguing that the 8-week
colonization period induced such a shift in the immunome, given that these mice were not separated until
their fourth week of life. This difference between COL and GF was also evident in the mice which were
hypertension treated (P-value = 0.026, F-value = 2.8). Pairwise comparisons of individual groups using
PERMANOVA indicated that the hypertension to sham comparison was significant in the GF group (P-
value = 0.006, F-value = 4.8), but not within the COL group (P-value =0.177, F-value = 1.6) (Figure 16B).
Overall, it seems the inflammatory status of GF mice was disturbed to a greater degree by hypertension
induction than in COL mice. The effect size and fold change calculation (as shown in 4.1.4) was used to
evaluate the changes to the 12 immune cell subsets which were regulated by hypertension treatment in

either GF or COL mice, or both (Figure 16B).
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Figure 16. Inflammation is influenced by microbial status

Several unique immune cell subsets were measured from the spleen, as a proxy measure of systemic
inflammation. A) Principal Coordinate analysis was performed based on Euclidean distance scaling of
immunophenotyping data to demonstrate the dissimilarities between study groups. Pairwise comparisons
between groups were performed using PERMANOVA and reported in the inset table. B) Immune cells which
were regulated by hypertensive treatment in one or both conditions (GF and COL) are shown. Immune cell
subsets are organized by subcategory (Innate immunity and T cell overview, differentiation, and subtypes)
and subsets. Effect size (D, Cliff's delta) is shown to demonstrate the effect of hypertension relative to the
respective sham group in GF and COL. Color and triangle direction indicates effect size. Size indicates log2-
transformed fold change (Log2FC) of hypertension induction compared to the respective sham group.
Significance was calculated using the Mann-Whitney U test and was FDR-corrected using the Benjamini-
Hochberg procedure to account for multiple testing. Markers for significant Q-values are superimposed,
and transparency indicates non-significant effects. °q<0.1, *q <0.05, **q <0.01. Panel design and staining
was carried out by Dr. Hendrik Bartolomaeus and Dr. Nicola Wilck (ECRC, Berlin), and | performed the
gating and analysis of immunophenotyping data.

Splenic MDSC are known to increase in hypertension and have anti-hypertensive properties.!!!
Interestingly, there was an increase in monocytic MDSC (mMDSC) upon hypertension, and this increase
was only significant in hypertensive COL mice (Figure 17A). Furthermore, for both mMDSC and
granulocytic MDSC (gMDSC) (Figure 17B) subtypes, hypertensive COL mice showed a significantly higher
frequency of these anti-hypertensive immune cells than hypertensive GF mice. Interestingly, the relative
increase in hypertension compared to sham for mMDSC was lesser in GF mice but greater for gMDSC than
in COL (Figure 17A-B). The subtleties of whether the relative increase, or absolute number of MDSCs is
relevant in hypertension is currently unknown. Th17 cell activity has been previously shown to strongly
impact hypertension pathogenesis, BP, and the infiltration of immune cells in target organs.’®” An increase
in Th17 cells in was notable in both GF and COL mice, though this effect only reached significance in GF

mice by two-way ANOVA (Figure 17C). The relative change in Th17 cells, though insignificant, is higher in
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GF compared to COL. This increase could be driven by a slight enrichment of pathological Th1-like Th17
cells, defined by their co-expression RORyT and Tbet (Figure 17D).18 Whether these findings are causally
associated with the hypertensive damage seen in GF and COL mice is indeterminable from these

experiments.
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Figure 17. Th17 and MDSC cells are differentially regulated in GF and COL mice

These data are derived from the dataset described in Figure 16. Selected immune cells subsets from splenic
immunophenotyping are shown. Monocytic MDSCs (mMDSC, A), granulocytic MDSCs (gMDSC, B), Th17
(C), and Th1-like Th17 cells (D) are shown. To the left in each panel, two-way ANOVA and post-hoc Sidak
multiple comparison's test were used. In (A-B), hypertension and the microbiome were both identified as
sources of variation and significant post-hoc comparisons of relevance are indicated. In (C-D), hypertension
was identified as the source of variation using two-way ANOVA, and post-hoc multiple comparison
between sham and hypertension within each group revealed that the GF comparison was the source of
variation. To the right, the relative change induced by Ang Il + 1% NaCl in comparison to the respective
sham group was tested using an unpaired two-tailed T-test. No change (100%) depicted as dotted line. For
all plots, p-values are as follows; * P <0.05, ** P <0.01.

Pre-existing conditions have been shown to impact the downstream effector differentiation of naive T cell
responses.’81183 Since the conditions of origin for naive T cells can influence cell fate, | hypothesized that
in the absence of microbes and their metabolites, these cells in GF mice may polarize differently than their
counterparts from COL mice. /n vitro Th17 polarization of naive T cells derived from the mesenteric lymph
nodes of GF and CONV mice was performed in the presence or absence of Ang Il. Naive T cells from GF
mice more readily polarized towards Th17 cells than cells from CONV mice, particularly in the presence of
Ang Il (Figure 18A-B). These in vitro findings suggest that the pre-conditioning of naive T cells within GF

and COL mice may impact polarization into pro-inflammatory effector T cells.
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Figure 18. In vitro Th17 polarization of naive T cells from GF and COL mice in the presence of Ang Il
A) Naive T cells from mesenteric lymph nodes of either GF of CONV mice, polarized in vitro towards a Th17
using a cocktail of IL-18, TGF6, and IL-6 with or without Ang Il (GF n=4, CONV n=5), and representative
images are shown in (B). In (A) two-way ANOVA and post-hoc Sidak multiple comparison's test was used
to test significance and revealed that the microbiome was the source of variation. Post-hoc testing
revealed that the Ang ll-treated groups within CONV and GF were significantly different (* P < 0.05).

4.1.7 Serum metabolome is impacted by microbiome status
As metabolites are known to influence hypertension pathogenesis (see section 1.3.3), the broad-spectrum
MxP Quant 500 (Biocrates) kit was used to investigate the serum metabolome. Consistent with the
literature®®®, GF or COL status affected the hypertension-associated metabolome. Because there were
over 300 individually measured metabolites measured using the kit, and hundreds were regulated by
hypertension treatment, grouping by metabolite class was used to understand prevailing patterns from
these data (Figure 19). There were 15 classes of metabolites where hypertension (compared to the
respective sham) had an effect for GF, COL, or both. Four of those metabolite classes
(phosphatidylcholines, hexosylceramides, alkaloids, fatty acids) showed similar trajectories in GF and COL
mice, suggesting these classes changed in a microbiome-independent manner upon hypertension (Figure

19).
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Figure 19. Serum metabolome is impacted by hypertension in GF and COL
Serum metabolites were analyzed from GF and COL mice with and without hypertension by Mass
spectrometry with the MxP500 Quant kit (Biocrates). Individual metabolite normalized intensities were
grouped by sub-classification within individual samples to assess the overall shifts in metabolism
associated with hypertension treatment. Effect size (Cliff's delta [D], indicated by triangle colour and
direction) was used to compare hypertension relative to the respective sham group. Triangle size indicates
log2-transformed fold change (Log2FC). Significance was calculated using the Mann-Whitney U test and
was FDR-corrected using the Benjamini-Hochberg procedure to account for multiple testing. Markers for
significant Q-values are superimposed, and transparency indicates non-significance. P-values are as
follows: °q < 0.1, *q < 0.05, **q < 0.01. Metabolomics data preprocessing and peak integration was
performed by Dr. Raphaela Fritsche (BIH Metabolomics Core Facility, Berlin), and | performed data quality
analysis based on QC standards, data selection, and all subsequent analyses.

Unsurprisingly, the serum metabolome was significantly impacted by the microbiome status of the host.
There were some candidate metabolites, TMAO, 3-indolepropionic acid (3-IPA), and IS, which have been
identified as relevant in kidney and heart disease!?® 13418 which could be found only in the samples from
COL mice (Figure 20A-C). 3-IPA (Figure 20B) was decreased in hypertensive COL mice, whereas there was

a slight but insignificant increase in TMAO (Figure 20A), and an increase in IS (Figure 20C).
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Figure 20. Microbially-produced metabolites TMAO, 3-IPA, and IS are only present in COL mice
Microbially-produced metabolites of note in CVD measured using the Biocrates MxP500 Quant kit (as
described in Figure 19). TMAO (A), 3-IPA (B), and IS (C) were only measurable in the serum of COL and not
GF mice. Unpaired two-tailed T-test was used to test for significance in COL values. Significant P-values are
denoted as; * p < 0.05.

Although the serum metabolite measurements used here were very comprehensive, they did not cover
SCFA metabolites, some of which have potent anti-hypertensive properties (see section 1.3.3). SCFA are
highly concentrated within the gut but are lowly abundant and at times undetectable in the systemic
circulation, hence the most common mode of measurement is from luminal or fecal matter. Mass
spectrometry measurements of fecal C2, C3, and C4 (Figure 21) were performed to assess SCFAs in GF and
CONV mice, as a proof-of-principle to demonstrate that our GF colonies are SCFA-depleted. GF mice have
long been known be SCFA depleted®®. | expect that the absence of SCFA in GF mice may have played a

role in the phenotypic differences between GF and COL.
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Figure 21. Fecal SCFA in GF and CONV mice

Fecal short-chain fatty acids (SCFA) from GF or CONV mice demonstrates the significant decrease in C2, as
well as the absence of metabolites C3 and C4 in the GF setting (GF n=6, CONV n=4). Significance was tested
using unpaired two-tailed Student’s t-test for each metabolite individually (***p < 0.001, ****p < 0.0001).
SCFA were measured in collaboration with Dr. Stefan Kempa (MDC Proteomics and Metabolomics
Platform, Berlin).

4.1.8 Not all microbiomes in C57BL/6J mice are created equal

Although it is known that microbially-produced metabolites have a potent effect on the pathogenesis of

21,24, 25,187

hypertension , itis unclear whether the putative microbiome from each study can be considered
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equivalent or has a similar effect on the metabolome. A recent study from Cheema and Pluznick'®® showed
the effect of hypertension on the microbiome and metabolome in GF and CONV mice. Although our
experimental set ups were different, | wondered whether the comparison of the microbiome and
metabolome data from this study with published data may provide insight into the comparability of
microbiomes in different experimental settings. PCoA derived from genus level information from each of
the studies showed that with or without hypertension, the microbiome used in these studies did not
overlap (Figure 22A). To evaluate whether the implantation of a microbiome would cause a higher level
of dissimilarity between the mice with a microbiome compared to the GF groups from both studies; the
serum metabolome was curated from both datasets for metabolites which could be measured in all
samples. The trajectory of individual metabolites in hypertension compared to sham is shown from GF (X-
axis) and COL/CONV (Y-axis) in Figure 22B. Each metabolite is shown twice as there is an equivalent point
for both the Pluznick and Berlin dataset. There was significantly less distance between individual
metabolites within the serum metabolome of GF mice from these two studies than in the equivalent
COL/CONV mice comparison (Figure 22B-C). In other words, the similarity of the hypertension-induced
effect on the serum metabolome in GF groups within these two datasets is higher than the equivalent
COL/CONV comparison. Either our utilization of littermate mice, or more likely, the obvious differences in

the microbiomes used for experimentation, led to incongruencies between these two datasets.
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Figure 22. Hypertension in mice with a microbiome elicits divergent metabolome effects

PCoA based on Bray-Curtis distance scaling of microbiome data annotated to the genus level published by
Cheema and Pluznick (annotated as Pluznick) and our data (annotated as Berlin) is shown in (A). Colour
indicates study group, and ellipses indicate hypertension or sham within each respective study. B)
Metabolites which were quantifiable in the serum of GF and COL/CONV mice in both the Pluznick and Berlin
study are shown. On the Y-axis the effect size of hypertension compared to sham in COL/CONV mice is
shown, and the X-axis shows the effect size of hypertension compared to sham in GF mice. C)
Quantification of the distance between the same metabolite along the GF (X-axis) or COL/CONV (Y-axis)
from the Pluznick study versus the Berlin study. Significance was tested using the Mann-Whitney U test
(*p <0.05). | designed the analysis and annotated the metabolomics data from both studies, and Chia-Yu
Chen (ECRC, Berlin) assisted with the re-annotation of Berlin microbiome data and generation of graphics.
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4.2 Interstitial fluid isolation from the Gl tract

4.2.1 Properties of the interstitial fluid reservoir within the Gl tract
The variability of immune cells along the gut in concordance with regional changes to the microbiome and
its metabolic biproducts is believed to play a role in the development of inflammation in the gut and
elsewhere in distal organ systems. The importance of the microbiome in hypertension was detailed in
section 4.1; though the exact mechanism by which the microbiome interacted with the host to elicit this
differential response is still not well understood. This is partially because the methods currently available
are not fully able to capture the host-side of the host-microbiome interface. In section 1.4, IF was
presented as a possible window into this compartment. Access to IF from the Gl tract would facilitate the
assessment of individual substances of interest, to assess whether they are produced locally. To address
aim 2.2, | employed known methods within the IF literature to optimize the extraction of IF from Gl tissue,
to see whether this could be used to directly zoom in to the microenvironment in the Gl tract. Initially,
healthy CONV C57BL/6J mice were used for experimentation, as mice are the most common model system
and would likely be the primary species for implementation of these methods in future. Sectioning the Gl
tract into smaller subsections for regional examination was a critical part of assay development. For
practical reasons, during assay development, not all segments were used for all experiments. Where
appropriate, the segments utilized are denoted in an inset schematic for each figure. First, it was
important to examine whether there was a meaningful amount of IF within the Gl tissue. Unsurprisingly,
the ECV of Gl tissue was relatively comparable to muscular tissue®°, with an estimated volume of 0.1 to
0.2 mL/g wet weight, depending on the segment of interest (Figure 23). The total tissue water (the ECV
and ICV) within a given tissue was also determined from the colon, cecum, ileum, jejunum, and
duodenum. There were some very small but significant differences in the total tissue water for individual
segments, though this is not likely to be physiologically important. The maximal difference between any
two segments was 0.02 mL/g, and mean total tissue water value across all samples was 0.79 mL/g. From
these experiments we were able to characterize the properties of the fluid spaces within Gl tissue. Given
that the wet weight of excised tissue for any one gut segment was maximally 0.2 to 0.3 g from mice, we

anticipated that it may be difficult to access the IF from these tissues.
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Figure 23. Extracellular fluid volume within the Gl tract of C57BL6/J mice

A) Schematic of the segments taken for the analysis from C57BL/6J CONV mice (the cecum was only used
in (C)). B) The extracellular fluid volume was determined by counting >'Cr-EDTA for each gut segment in
comparison to the plasma equilibration of the tracer (n=6). In (C) the total tissue water is shown from
C57BL/6J CONV mice (n=7). Significance was tested using an ordinary one-way ANOVA with Tukey’s
multiple comparisons test. P-values are as follows: *p < 0.05, **p < 0.01, ***p < 0.001. 'Cr-EDTA
extracellular tracer experiments were performed in collaboration with Dr. Helge Wiig and Dr. Tine V.
Karlsen (University of Bergen), and | measured the total tissue water in a separate experiment.

4.2.2 Development of the Elution method
Because the IF space from Gl tissue in mice was expected to be low-yield, the first method employed to
investigate this space was an elution-based method. Elution-based methods have been used previously
to isolate IF from tumor tissue and are advantageous because they result in a high-volume fluid which can
be used for multiple measurements.!*® The general principle of the method is that the cleaned excised
tissue is placed in an isosmotic buffer to maintain tissue integrity and osmotic pressure. Substances from
the interstitium should move from their high concentration in the IF into the surrounding buffer. The
elution IF will be dilute compared to the original IF within native tissue, though the dilution factor is known

and can be accounted for. A schematic detailing how this method was applied is shown in Figure 24.
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Figure 24. Schematic for the collection of IF using an elution-based method

The Gl tract from just below the stomach to the colon was excised. 3 cm pieces of Gl tissue were measured,
cut and immediately washed from the luminal side using a blunted syringe with approximately 5 ml of
isotonic buffer to ensure the removal of any luminal contents. When applicable the fecal matter from the
indicated segment was collected prior to rinsing. Then both ends of the tissue were ligated to ensure that
if any microscopic luminal contents were still attached to the inner surface of the gut, they would not be
extracted into the surrounding buffer. After ligation, tissue was placed in a 1:10 dilution of an appropriate
isosmotic buffer solution and placed on a rocker at 4 °C. After the given elution time, tissue was removed,
and the eluted fluid was aliquoted and stored at -80 °C for further analysis. Some images were adapted
from the Servier Medical Art collection (https://smart.servier.com).

In the initial phases of method development, ionic composition from IF was used as a proxy to measure
the efficacy of the elution method in different formats.2% 142 The ionic composition of IF should be similar
to that of plasma?*® %2 [ow in potassium (K*) and around 140 mmol/L of sodium ions (Na*). The ratio of IF
to serum ideally should be close to one, and K* values should be between 3.5-5.0 mmol/L. To optimize the
use of elution from Gl tissue, the elution timepoint and buffer were varied to see whether this would
impact IF isolation (Figure 25B-E). Longer timepoints led to higher K* in eluted samples (Figure 25B-C),

potentially indicating damage to cells from excised tissue and/or reduced activity of the Na*/K* ATPase.
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The impact of different isosmotic mannitol or glucose buffer solutions was also assessed from samples
eluted for 8 hours, and minimal differences were observed (Figure 25D-E), and we selected a mannitol-
based solution for future experiments arbitrarily. Saline is also a typical isosmotic buffer option for elution,

although evaluation of this buffer using ion chromatography is not feasible.
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Figure 25. Timepoint but not buffer plays a role in eluted ion composition

A) The scheme above shows the sectioning approach used for Gl tissue from C57BL/6J CONV mice in (B-E).
4 segments from each region of the colon and duodenum were taken and were either allocated to be either
placed in mannitol or glucose and left eluting for 8 or 24 hours. Comparison of the Na* IF to serum ratio
(B) and IF K* (C) by ion chromatography from samples eluted for 8 or 24 hours in a mannitol-based buffer.
Buffer comparison of the Na* IF to serum ratio (D) and IF K* (E) between samples eluted in a mannitol or
glucose solution (please note that some of these values are overlapping with (B-C)). In (B-E) two-way
ANOVA and post-hoc Sidak multiple comparison's test was used to test significance. In (B) and (D), no
significance was found. In C) both timepoint and segment were found as sources of variation and all
significant post-hoc comparisons are plotted. In E) buffer was found as the source of variation but no post-
hoc comparisons were significant. N=5 for all conditions, and 1 outlier was excluded 24-hour Na* IF/serum
ratio from the colon. P-values are as follows; *p < 0.05, **p < 0.01. | performed the experiments shown
here, and samples were sent for ion chromatography measurement in the lab of Dr. Helge Wiig (University
of Bergen).

These initial experiments indicated that shorter elution timepoints may be optimal to reduce cellular

breakdown and dilution of elution fluid by intracellular contents. | then repeated this experiment with a
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larger number of gut segments and shorter elution timepoints for comparison (2, 4 and 8 hours) and found
that across all segments, shorter times for elution resulted in less K* deposited in the elution buffer (Figure
26B). The K* within any given elution IF sample was still far higher than what could be seen in serum,
though this is not unexpected, given the strong gradient of intracellular K* and high ICV relative to ECV in
the Gl tract. To ensure that the preparatory steps used in the elution approach were effective at
eliminating fecal matter, 16s rRNA was measured from the elution fluids used in Figure 26. 16s rRNA was
not detectable in any of the samples assessed (data not shown), so we do not expect that fecal matter is

influencing our results directly.
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Figure 26. Shorter timepoints result in significantly less K* in elution IF

A) The segmentation approach from C57BL/6J CONV mice for the experiment shown in (B). K* was
measured from elution IF and serum (matched by animal) and compared by timepoint for each segment
shown above. Separate animals were processed for each timepoint, N=4 for each of the 10 segments at
each timepoint. The results from each timepoint were binned, and the results from each segment are
shown together. K* (mM) for timepoint is plotted in (B), and significance was tested using an ordinary one-
way ANOVA with Tukey’s multiple comparisons test. P-values are as follows: **p < 0.01, ***p < 0.001,
**%*p <0.0001. | performed the experiments shown here, and samples were sent for ion chromatography
measurement in the lab of Dr. Helge Wiig (University of Bergen).

From the aforementioned ion chromatography measurements, the conclusion was made that shorter
elution times should be pursued to preserve the tissue integrity. Although, it was important to consider
whether the substances-of-interest from the Gl tract IF would be extracted efficiently at these lower
timepoints. Therefore, a non-native labeled extracellular tracer >'Cr-EDTA was used to assess the amount
of time it would likely take for substances of interest (i.e., small molecules/metabolites) to equilibrate
with the elution buffer (Figure 27). This tracer approach has the advantage of high sensitivity due to the
simple counting of the radioactivity. The presence of the tracer within a given tissue segment was counted
upon removal from the mouse prior to placement inside the isosmotic elution buffer, and the recovery of

the tracer within the elution buffer was repeatedly measured up to 48 hours after the elution start time.
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The amount of tracer within the elution buffer was assessed relative to the total tracer counted in each
respective tissue segment. >*Cr-EDTA equilibrated with the surrounding elution buffer very quickly, with
most of the tracer eluting after only 2 hours (Figure27B-E). For the most part, the tracer is not more
abundant in samples collected between 4 and 48 hours (Figure27B-E). In the small intestinal segments,
there is more variation in the eluted tracer fraction by animal, which may be because of the lower ECV in
the SI (Figure 23B), as it is known that IF is more difficult to mobilize from spaces with a lower IF fraction.4°
Even for the longest time point assessed, a small amount of the >'Cr-EDTA was unrecoverable (eluted
fraction unequal to 1); suggesting that there may be unspecific binding of the >'Cr-EDTA within the tissue
IF which rendered a fraction of this molecule inaccessible. From these results, it is likely that small

molecules from the IF phase in Gl tissue are capable of rapidly equilibrating with elution fluid.

A) Colon
Duodenum Jejunum
1cm
* k
% %
* %k % *
B) f_( 1.0+ ek ok K C) < 1.0+ *

L
)
1

=

=4
S
1

Duodenum
o
-
L

Eluted fraction 51-Cr-ED
o
-~
1
Jejunum
Eluted fraction 51-Cr-EDT.

0.2 0.2+
0.0 1 T I 1 I 0.0 1 T 1 Ll I
2 4 6 24 48 2 4 6 24 48
Timepoint (hr) Timepoint (hr)
= *
*% -~
* % S B—
D) 10 = * E) c10q —=——
= =
o [a)
W 0.8+ u 0.8 %‘ ‘
o o
Q Q
£ 5 0.6 5 o 0.6
3 Cc ° c
23 88
— B 0.4 B 0.4
S s
3 0.2 3 0.2-
5 3
W ga W g0
0.0 T T T T T 0.0 T T T T I
2 4 6 24 48 2 4 6 24 48
Timepoint (hr) Timepoint (hr)

Figure 27. 51Cr-EDTA elution indicates the rapid equilibration of this extracellular tracer with the
surrounding elution buffer

A) The scheme above shows the sectioning approach used for Gl tissue from C57BL/6J CONV mice for (B-
E; n=6 for all conditions). The >*Cr-EDTA extracellular tracer was used to determine the rate at which the
elution fluid equilibrates with the IF from tissue. In (B-E), at each timepoint, 100 uL sample were removed
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from the eluted solution for ggmma counting. The eluted fraction for each segment was determined by
dividing counts in the eluted sample at each timepoint with total counts in the corresponding gut sample
prior to elution. Data in (B-E) were tested using repeated-measures one-way ANOVA with Tukey’s multiple
comparisons test and significant post-hoc comparisons are shown. P-values are as follows: *p < 0.05, **p
< 0.01, ***p < 0.001, ****p < 0.0001. *Cr-EDTA extracellular tracer experiments were performed in
collaboration with Dr. Helge Wiig and Dr. Tine V. Karlsen (University of Bergen).

4.2.3 Elution method captures unique IF signature compared to serum
Next, | was interested to examine whether the IF from the Gl tract was different from the circulating
blood. IF has been shown to hold a unique tissue-specific signature in tumors'** '8 and the skin'*°, |
wondered whether this was similarly evident in the Elution IF. Proteomic characterization of IF isolated
using the elution method from breast tumor tissues revealed an abundance of disease-specific protein
products which were only abundant in the IF samples and not the serum.®® In order to better understand
the Gl microenvironment, shotgun proteomics was used to identify the similarities and differences within
the IF. In total, significantly more unique protein IDs were found within the IF compared to the serum
(Figure 28B). Expectedly, 1802 proteins were statistically significantly different between elution IF
compared with the serum (Figure 28C). While many proteins were overlapping from the serum and IF
spaces (Figure 28D), there were 2581 which were unique to the IF space, and 1404 which were shared
between the colon and duodenum segments. There was a much larger overlap in the identifiable proteins
between these two IF groups than with the serum (Figure 28D). The normalization technique for these
data was based on protein amount in the starting material rather than per volume of IF or serum. Because
the protein concentration is typically lower in the IF compared to the serum°, we expect that there may
be a slight overrepresentation in the Elution IF of some proteins which are present in equal concentrations
across the serum and IF. Nevertheless, proteins which have been documented to be more highly
concentrated in the serum like albumin (ALB)'° did indeed appear to be significantly higher in serum
compared to Elution IF (Figure 28C). This fact notwithstanding, because of the increased coverage of
proteins from the IF space compared to the serum, IF may be a better route to study proteins relevant for

Gl health and disease which are not found or are lowly abundant within the serum.
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Figure 28. The serum and elution IF proteomes are unique in C57BL/6J mice

A) The scheme for samples which were tested using shotgun proteomics from elution and serum samples
of C57BL/6J CONV mice; n=4 for each condition. Elution IF was collected for 4 hours in a mannitol-based
buffer solution. The mouse Uniprot database 2019 was used for data curation. In B), the total number of
protein IDs found in individual samples from the colon, duodenum, and serum. Significance was tested
using an ordinary one-way ANOVA with Tukey’s multiple comparisons test applied (****p < 0.0001). C)
Proteins which were found to be significantly different from elution samples compared to the serum. The
actual -log10 transformed p-values and the log2 difference between elution and serum for a given protein
are shown as individual dots, and red dots indicate significant p-values after an unpaired two-tailed T-test
with an FDR correction of 5%. The number of overlapping proteins from serum, duodenal and colonic
samples are shown in (D). A given protein had to have 100% valid values within at least one group to be
included in the comparisons for both (C-D). Shotgun sequencing data and analysis were performed by Dr.
Marieluise Kirchner (BIH Proteomics Core Facility, Berlin). | prepared all samples used in these experiments
and | created all visualizations shown here with data provided by Dr. Marieluise Kirchner. Venn diagram
was produced using the Venny tool (bioinfogp.cnb.csic.es/tools/venny/index.html).

Encouragingly, within the group of proteins which were robustly identifiable from the IF, there were
several candidates that have a known biological function in the GI tract such as chymotrypsinogen B
(CTRB1)', and galectin-1 (LGALS1) and -3 (LGALS3)*? (Figure 28-29). Indeed, LGALS1 has been noted to
be more highly expressed in the colon than the duodenum in humans'®?, which was recapitulated in the
mouse proteomic data (Figure 29B). Each of these candidates are known to be secreted or present in the

extracellular space, which stands to reason why they were identifiable in the IF.
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Figure 29. Known proteins of importance within the Gl tract were detectable in elution IF

Data shown in (A-C) are derived from the proteomics dataset previously described in Figure 28. The log2
transformed LFQ intensity values for individual proteins CTRB1 (A), LGALS1 (B) and LGALS3 (C) are shown.
Significance was tested using an unpaired two-tailed T test. P-values are as follows: *p < 0.05, **p < 0.01.

The overlap between serum proteins and the elution IF was also of interest; in that the elution IF may
contain site-specific information about biomarkers which have already been associated with Gl function.
For example, if a given protein was identified in the serum as a candidate biomarker for involvement in Gl
health or disease, the IF could hold additional information about where the protein is derived from (i.e.,
specific to the colon). To investigate this subgroup, proteins which were robustly identified within the
serum data and all IF samples were selected, and intensity within a given sample is shown in Figure 30.
Indeed, investigating this group of proteins was proof-of-concept for our experimental set-up. For
example, fibrinogen alpha chain (FGA) has been identified as a serum biomarker in Crohn’s disease.!®

1% and

Fibrinogen itself has also been identified as a serum biomarker in those with active Crohn’s
although fibrinogens are highly multifunctional proteins, they are known to play an important role in
defense against microbial pathogens.!%> 1% This established biomarker was better covered in the samples
derived from the elution IF. Additionally, this sub-analysis showed that the interindividual differences

between mice were much less influential than the segment of origin within the Gl tract (Figure 30).
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Figure 30. Robustly identified serum proteins and their relationship with elution IF

Dataset described in Figure 28 was used to assess the overlapping proteins within the IF and serum
samples. The inclusion criteria for this analysis was 100% valid values for a given protein in all serum and
IF samples (total of 234 proteins). An overall z-score across all samples was used to compare between
groups for a given protein. On the right-hand side, proteins within this sub-analysis which were
differentially regulated between colon and duodenal segments are shown.

Because the preparation requires placement of a given tissue within a buffer solution, | suspected that
some degree of intracellular contaminants may be measurable within the elution IF. There were
significantly more intracellular proteins annotated to the mitochondrial or ribosomal space in the Elution
IF than the serum (Figure 31), although one cannot conclude that this is indeed an “enrichment” effect
for the reasons stated above. It is possible that the increased number of intracellular proteins within the

elution IF could contribute to the higher protein ID count relative to serum (Figure 28B).
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Figure 31. High abundance of intracellular proteins can be found in Elution IF

The dataset described in Figure 28 was used to assess the coverage of (A) mitochondrial and (B) ribosomal
proteins within the IF and serum samples. Inclusion criteria for this analysis was 50% valid values for a
given protein in elution IF samples, and an overall z-score across all samples was used for comparison.

4.2.4 The impact of time and segmentation on the proteomic elution IF signature
The high number of intracellular proteins in the elution IF led back to the question of whether a shorter
elution time would capture a similar overall proteomic signature, such that one could use an even shorter
elution time for future experiments. Additionally, as the previous experiment emphasized the segment-
specific differences within the elution IF. It was unclear whether these regional dissimilarities would be
replicable if the exact location of a tissue selected for analysis would have been slightly different. Another
round of proteomics experiments was therefore initiated to evaluate the impact of time and small regional
differences on the elution IF (Figure 32A). It was clear that the timepoint minimally impacts the overall
proteomic signature, particularly within the colon, where the correlation across timepoints was
remarkably high (Figure 32B). The colonic and duodenal subsections clustered together perfectly and

correlated highly within these subgroupings, though the correlation was higher between colonic segments

(Figure 32B).
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Figure 32. Elution IF samples from the same Gl region have a similar proteomic profile

Elution IF was collected from 2 duodenal and 2 colonic segments for 2-,4-, or 8-hours in a mannitol-based
buffer solution from C57BL/6J mice. The collection scheme by segment is shown in (A), and individual
timepoints represent separate experimental mice (N=3 for each timepoint and each segment). | performed
all experiments shown here. Shotgun proteomics was performed by Dr. Marieluise Kirchner (BIH
Proteomics Core Facility, Berlin). The mouse Uniprot database 2019 was used for data curation and the
protein FDR was set to 1%. In (B), the mean Pearson’s correlation per group from each timepoint and
segment was analyzed from all proteins annotated within a given group, and the groups were clustered
along the axes based on Euclidean distances.

Between timepoints within each segment individually, the 2- and 4-hour samples were nearly identical
(Figure 33), suggesting that these timepoints could be used interchangeably. The only time comparison
which had a notable amount of difference within a given segment was for the duodenum 1 segment

between the 2- and 8-hour timepoints (Figure 33G).
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Figure 33. Elution time minimally influences the protein profile within a given segment

These data are derived from the experiment described in Figure 32, refer above for segment collection
scheme. Proteins which were found to be enriched in the colon 1 (A), colon 2 (B), duodenum 1 (C) and
duodenum 2 (D) between 2- and 4-hour collections. Proteins which were found to be enriched in the colon
1 (E), colon 2 (F), duodenum 1 (G) and duodenum 2 (H) between 2- and 8-hour collections. The -log10
transformed p-values and the log2 enrichment between timepoints for a given protein are shown as
individual points. Red points indicate significant p-values after an unpaired two-tailed T-test with an FDR
correction of 5%, and if any significance was found for a comparison, the number of significant proteins is
listed in the top right corner of each panel.

The proteins which were responsible for the discrepancy between the 2- and 8- hour timepoints were
mapped exclusively to gene ontology (GO) terms relating to the mitochondria (Table 4). The reason for
the increased sensitivity within the duodenum 1 segment is unknown, although it was noted in histological
evaluations of Gl tissue after elution that there was significantly more cellular edema and damage from
small intestinal segments than in the colon (data not shown). Small intestinal segments, even without any
unique preparatory methods, often have a higher degree of physical damage visible with histology due to
the physical properties of the tissue in comparison to the colon (dialogue with Dr. Robert Klopfleisch,
Institute of Veterinary Pathology at the Freie University Berlin). The practicality of a 2-hour timepoint for
elution is optimal and because it was so similar to the 4-hour time point for most of the parameters

assessed thus far, it was decided on for future experiments.
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Table 4. Proteins separating duodenum 1 samples at 8 compared to 2-hour timepoint are mostly
intracellularly related

Category Total | Selection | Category | Intersection Enrichment Benj. Hoch.

column Category value size size size size factor P value FDR
mitochondrial

GOCC name membrane 3059 | 326 148 3 0.1902 3.87E-05 0.0096276

GOCC name mitochondrial part 3059 | 326 224 8 0.33512 3.97E-05 0.0096276

GOCC name mitochondrion 3059 | 326 460 28 0.57117 9.61E-05 0.018642

The differential enrichment between the duodenum 1 segment at 2h and 8h was investigated by mapping
the proteins which were significantly different (FDR of 5%) between these timepoints to the corresponding
GO terms. All differentially enriched GO terms were mapped to the GO- cellular component (GOCC)
biological domain. The total size indicates the number of proteins overall which were identified in these
samples; the selection size describes which of these proteins were selected for analysis (the 326 which were
significantly different between 2h and 8h). The category size refers to the number of proteins which are
attributed to the category value listed, and the intersection size indicates the number of overlapping
proteins between the GOCC category and the selection size. The intersection size had to be at least 3 for
consideration. The enrichment factor describes the ratio of the observed count to the count expected by
chance (intersection size/category size x total size/selection size). The significance of each enriched
category was tested using the fisher’s exact test and the Benjamini-Hochberg (Benj. Hoch.) FDR correction
was applied with an FDR of 2%.

4.2.5 Elution IF contains metabolites known to be locally produced in the Gl tract

Our group and others have shown that metabolites of microbial origin play an important role in the
mediation of hypertensive disease.?®?> 7> 78 Additionally, in section 4.1, the lack of SCFA was suspected
to play a role in the increased cardiorenal damage in hypertension seen in GF mice relative to their COL
counterparts. Though in section 4.1.7, measurements of SCFA were only achievable from the fecal matter.
SCFA levels within the Gl tract are typically inferred from fecal levels within the Gl tract or from the serum.
Using GC-MS, C2, C3, C4 and isobutyrate (isoC4) were measured from elution IF and matched fecal
samples, to determine whether the IF reflects fecal SCFA. Because the kinetics of distribution of SCFA
within the tissue fluid space were unknown to us and outside the scope of this project, the assumption
was made that these metabolites could have been distributed anywhere within the fluid volume of the
tissue (extra or intracellularly). Because we could not guarantee that through the elution process, the
SCFA from the intracellular spaces would not elute into the elution IF, the total tissue water was
considered when determining the SCFA concentration in the tissue. To determine the expected
concentration of SCFA within the tissue fluid space (and therefore the IF as well), the following calculations
were used:

Step 1: Calculate the concentration of SCFA per gram of tissue (UM/g)

(Concentration (uM) determined in the elution IF x total elution fluid volume (L)) / tissue weight (g)
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Step 2: Calculate the concentration of SCFA in the total tissue water (UM/L)

Concentration of SCFA in the tissue (uM/g) /.00079 (g/L)

The pattern of enrichment for each metabolite in the feces of healthy male mice under standard chow

diet was mirrored in elution IF samples. Furthermore, within the cecum and colon, there was a clear

difference in the concentration from IF compared to the serum (Figure 34B-E). One can clearly see that

local production by microbial enzymes and tissue uptake is occurring within the LI, as the differential

between the serum and IF is negligible from Sl segments (Figure 34). This evidence suggests the utility of

the elution method to identify metabolites of interest within the tissue.
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Figure 34. SFCA within IF reflects the enrichment in localized fecal content in the Gl tract

A) The scheme for samples which were tested in (B-E) from C57BL/6] CONV mice; n=6 for each condition
(one technical failure was removed from the serum). Elution IF was collected for 2 hours in a saline-based
isosmotic buffer solution. Elution data was normalized to the elution volume, and the concentration was
corrected to the expected total tissue water (TTW) volume to compare with plasma. GC-MS was used to
measure C2(B), C3 (C), C4 (D) and isoC4 (E) from fecal (top panel, orange), and IF and serum samples
(bottom panel, blue). | performed the experiments and extracted samples with assistance from Dr. Sabrina
Geisberger (MDC Proteomics and Metabolomics Platform, Berlin). Dr. Sabrina Geisberger performed GC-
MS measurements and peak integration, and | did the subsequent data analysis and calculations.

4.2.6 Centrifugation as an alternative method to capture the IF space
In section 4.2.3 and 4.2.5, we demonstrated using proteomics and metabolomics that elution IF is unique
from serum and can provide unique insights into the tissue microenvironment. Because other IF methods
have been used in the past to isolate fluid from this compartment, | wondered whether one of these other
methods could be employed to confirm the results we obtained from the elution method. The
centrifugation method has been used previously to isolate IF from skin and tumor tissues and is often
preferred because it allows for the isolation of native material.'*% 142197 Therefore, a centrifugation-based

method was pursued as a potential confirmatory method for IF isolation from the Gl tissue (Figure 35).
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Figure 35. Schematic for centrifugation-based method for IF isolation

The Gl tract from just below the stomach to the colon was excised. 7-10 cm pieces of Gl tissue were
measured, cut and immediately ligated. Tissue was checked for holes, and any fecal matter from the edges
of the tissue after the ligation point was squeezed out. Ends of the tissue were trimmed off if needed.
Tissue was then placed on a light screen material, folded, and secured inside of a 5 mL Eppendorf tube.
Closed tubes were centrifuged for 10 minutes at 400 x g. Immediately upon removal of the tissue, the
ligations were trimmed off and fecal matter was collected. IF from within the 5 mL Eppendorf tube was
weighed, and diluent was added for aliquotation of Centrifugation IF. IF was stored at -80 °C for further
analysis. Some images were adapted from the Servier Medical Art collection (https://smart.servier.com).

Optimization of the centrifugation method to compare with elution IF was initiated in mice. Various
centrifugation speeds, and segmentation schemes were attempted and tested using ion chromatography
before arriving at the method presented in Figure 35 (data not shown). Because our lab also utilizes rats
as a model system for experimental hypertension, validation of the centrifugation method was pursued
for both species using the >'Cr-EDTA extracellular tracer. The usage of the >!Cr-EDTA extracellular tracer
is different between the elution and centrifugation methods; for more details see the methods section

3.2.5 and 3.2.6. In rats and mice, >1Cr-EDTA was used to evaluate the integrity of the centrifugation
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preparation. The relative level of the tracer in IF compared to serum allows one to conclude whether the
obtained fluid has been diluted by intracellular contents i.e., from a space not containing =Cr-EDTA, or
other extraneous factors. For centrifugation experiments, the IF/serum ratio of the >!Cr-EDTA tracer
should be close to 1.0. Skin IF isolation by centrifugation has been validated previously, and therefore was
used as a reference method for comparison of the Gl tissue IF from both mice (Figure 36B) and rats (Figure
36D). While there was significantly more variation in the **Cr-EDTA tracer isolation from the Gl segments
than in the skin reference methods in both rats and mice; in both species, the ratio of IF to serum was for
the most part close to 1.0. There are some visible differences in capture depending on the segment, which
could be due again to the differences in ECV (Figure 23B). Furthermore, because the volumes of native
fluid isolated can be quite small, evaporation could have played a significant role (particularly in the values
appearing as over a 1.0 ratio). Nevertheless, the >'Cr-EDTA tracer IF to serum ratio in both mice (Figure

36B) and rats (Figure 36D) was not significantly different from the skin reference method.
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Figure 36. Centrifugation IF isolation efficiency from the gut is not significantly different from skin IF
The *1Cr-EDTA extracellular tracer was used to determine how well the centrifugation method works to
isolate IF from Gl tissue compared to skin, and the scheme for sample collection is shown in mice (A; n=7)
and rats (C; n=8). The IF/serum ratio of *’Cr-EDTA was tallied using a gamma-counter from centrifugation
IF in (B) mice and (D) rats. Statistical analysis for (B) and (D) were performed using an ordinary one-way
ANOVA with Dunnett’s post-hoc test (recommended for comparison to a reference condition) applied to
compare the Gl tissue segment IF/serum ratio to the skin IF reference method. None of these post-hoc
comparisons were significant. Technical failures were removed. These experiments were performed in
collaboration with Dr. Helge Wiig and Dr. Tine V. Karlsen (University of Bergen).

The *1Cr-EDTA tracer method, as well as ion chromatography, are very sensitive methods which require

only small amounts of biological material. From mice, the Centrifugation IF volume was relatively low for
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all segments, averaging between around 0.5 to 4 microliters depending on the segment (Figure 37B). As
the purpose of developing the Centrifugation IF was to compare with the Elution IF method, the low fluid
volume in mice presented a problem. Both proteomics and metabolite (SCFA) measurements were
attempted from mouse Centrifugation IF, though these results were highly variable and not reproducible
because the samples were too dilute (data not shown). Because the rat Gl tract length and size is far larger,
larger volumes of fluid could be obtained, averaging between about 28 to 5 microliters depending on the
segment of origin (Figure 37D). The use of the centrifugation method for IF extraction was henceforth
pursued in rats to ensure that enough biomaterial could be obtained for analysis. The centrifugation
method is therefore appropriate for use with Gl tissue depending on the amount of biomaterial which can

be used for IF isolation, and the sensitivity and/or specifications of planned analytical techniques.
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Figure 37. Centrifugation IF volume in mice and rats

The scheme for sample collection for volume determination of centrifugation “native” IF is shown for (A)
C57BL/6J CONV mice (n=15) and (C) SD rats (n=8). Samples were collected per the protocol detailed in
Figure 35, and the volume of native IF is shown in mice (B) and rats (D). Data in (B) and (D) were tested
using an ordinary one-way ANOVA with Tukey’s multiple comparisons test and significant post-hoc
comparisons are shown. P-values are as follows: *p < 0.05, **p <0.01, ***p < 0.001.

4.2.7 Comparability of the proteomic signature from elution and centrifugation IF
Because the tissue from the rat Gl tract is so abundant, the elution and centrifugation IF can be compared
within one animal for most segments, apart from the cecum because of its unique shape and size (Figure

38A). Elution and centrifugation IF from the colon, ileum, jejunum, and duodenum in rats were compared
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using proteomics (Figure 38). Interestingly, in the overall proteomic signature shown by PCA, there are

obvious method-specific differences which separate samples along both the X and Y axes (Figure 38B).
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Figure 38. Overall proteomic signature is distinct between the two methods

The scheme for sample collection from male and female SD rats (n=5) aged 19-22 weeks is shown in (A),
where samples for both elution and centrifugation were collected within each animal. The rat Uniprot
database 2019 was used for data curation and the protein FDR was set to 1%. In (B) a PCA of all IF samples
included in the analysis is shown; point fill indicate the method and the point colour indicates the segment
of origin (colon, ileum, jejunum, or duodenum). | performed these experiments, and shotgun proteomics
was performed by Dr. Marieluise Kirchner (BIH Proteomics Core Facility, Berlin).

| expected that part of the separation between methods could be due to intracellular proteins extracted
using the elution method. From the centrifugation method, as the preparation was shown to resultin the
isolation of mostly native fluid (Figure 36), | expected that there would be less intracellular protein
enrichment in IF using this technique. To identify what might be driving the differences between methods,
an enrichment analysis was performed on each method overall, and the top GOCC terms within the
centrifugation and elution methods relative to one another were examined (Table 5). The top differential
terms between the two methods were mostly related to intracellular compartments. Interestingly, within
both methods there was an enrichment of specific GOCC terms relating to the extracellular space,

indicating that overall, some proteins of interest in the IF space are overrepresented in each of the
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methods. Based on these data, the method selected for IF isolation will undoubtedly impact the results

to some extent in the global untargeted analyses.

Table 5. Differential GOCC enrichment between the elution and centrifugation methods

Total Selection | Category Intersection Enrichment Benj. Hoch.
Enrichment GOCC Category value size size size size factor P value FDR
differential ribosome 4416 2286 78 12 0.29719 1.41E-11 1.87E-09
differential cell part 4416 2286 3488 1750 0.9692 6.17E-06 0.0004074
differential small ribosomal subunit 4416 2286 35 7 0.38635 8.65E-05 0.0038065
differential ubiquitin ligase complex 4416 2286 43 11 0.49417 0.000287 0.0094856
macromolecular
differential complex 4416 2286 1369 664 0.93695 0.000378 | 0.009982
Centrifugation extracellular space 4416 626 351 145 2.9142 1.41E-39 1.86E-37
Centrifugation intracellular organelle 4416 626 2094 208 0.70071 3.18E-15 1.40E-13
Centrifugation extracellular region 4416 626 124 47 2.6738 1.84E-11 6.06E-10
macromolecular
Centrifugation complex 4416 626 1369 128 0.65957 6.58E-11 1.74E-09
ribonucleoprotein
Centrifugation complex 4416 626 300 11 0.25866 4.25E-10 9.34E-09
Centrifugation nucleoplasm 4416 626 448 25 0.39366 7.20E-10 1.36E-08
Centrifugation extracellular organelle 4416 626 1189 229 1.3587 2.75E-09 4.53E-08
intracellular non-
membrane-bounded
Centrifugation organelle 4416 626 641 47 0.51724 3.77E-09 5.52E-08
intracellular membrane-
Centrifugation bounded organelle 4416 626 1750 187 0.7538 1.19E-08 1.57E-07
Centrifugation protein complex 4416 626 1108 105 0.6685 2.39E-08 2.87E-07
Elution extracellular space 4416 1660 351 61 0.46232 5.35E-18 7.07E-16
Elution ribosome 4416 1660 78 8 0.27285 3.50E-08 2.31E-06
Elution extracellular organelle 4416 1660 1189 375 0.83902 7.16E-08 2.34E-06
Elution vesicle 4416 1660 1324 424 0.85192 8.86E-08 2.34E-06
Elution spliceosomal complex 4416 1660 83 53 1.6987 6.05E-07 1.33E-05
Elution nucleoplasm 4416 1660 448 212 1.2589 2.16E-06 4.08E-05
Elution extracellular matrix 4416 1660 83 14 0.44872 1.93E-05 0.0002833
Elution extracellular region 4416 1660 124 27 0.57925 5.58E-05 0.0007363
Elution intracellular organelle 4416 1660 2094 840 1.0671 0.000111 | 0.0013399
proton-transporting
two-sector ATPase
Elution complex 4416 1660 16 13 2.1614 0.000398 0.0043878

These analyses are derived from the dataset described in Figure 38. The differential enrichment between
all IF samples within the centrifugation and elution methods was investigated by mapping the proteins
which were differentially enriched (FDR of 5%) within these methods to corresponding GOCC terms. The
enrichment categories are either the differentially regulated proteins between the two methods
(differential), the proteins enriched selectively within the centrifugation method, or the proteins enriched
within the elution method. The total size indicates the number of proteins overall which were identified
within all IF samples; the selection size describes the number of proteins enriched within the listed
enrichment category. The category size refers to the number of proteins which are attributed to the
category value listed, and the intersection size indicates the number of overlapping proteins between the
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GOCC category and the relevant selection size. The intersection size had to be at least 3 for consideration,
and the top 10 enrichment terms (if more than 10 were found) are shown here. The enrichment factor
describes the ratio of the observed count to the count expected by chance (intersection size/category size
x total size/selection size). The significance of GOCC category enrichment was tested using the fisher’s
exact test; and the Benjamini-Hochberg (Benj. Hoch.) FDR correction was applied with an FDR of 2% to
root out any spurious findings.

Although there were method-specific differences, the question remained whether findings from one of
these methods could corroborate findings from the other, and identify proteins were site-specifically
regulated along the Gl tract. Indeed, when examining the LFQ intensities for individual proteins of interest,
it was clear that although the peak intensity for a given protein did differ between methods, the overall
pattern of regulation along the Gl tract was roughly similar between the centrifugation and elution
methods, especially with regards to the relationship between the colon and the Sl (Figure 39-40). Some
selected candidates such as CTRB1, LGALS1, and LGALS3 were identifiable within both methods (Figure
39) and were similar to the observations in mouse elution IF for these proteins (Figure 29). LGALS3 did not
reach significance in the centrifugation method though was highly significant within the elution method,
which could be indicative of a high ICV to ECV gradient for this protein (Figure 39E-F). Additionally, IL18
was capturable with both methods and appeared to be enriched in the colon, though as with the other
candidates, the relative level of IL18 within different SI segments did vary between methods (Figure 39G-
H). IL18 is of particular interest because it is known to be expressed by enteric neurons and controls goblet
cell expression of antimicrobial proteins.'®® The frequency of goblet cells increases from the upper to

lower Gl tract.*’
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Figure 39. Proteins of interest in rats show a similar enrichment pattern in the Gl tract for both methods
These analyses are derived from the dataset described in Figure 38. Log2 transformed LFQ intensities are
shown from IF samples collected using either the centrifugation (A, C, E, G) or elution (B, D, F, H) method.
CTRB1 (A-B), LGALS1 (C-D), LGALS3 (E-F) and IL18 (G-H) are shown. Significance was tested using an
ordinary one-way ANOVA, and when significant, Tukey’s post-hoc multiple comparisons test was applied,
and all significant comparisons are plotted above. P-values are as follows: *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001.

Although significant similarities between SI segments were observed for various proteins, this was not
always the case. For example, regenerating islet-derived protein 3 gamma (REG3G) which is produced by
Paneth cells in the ileum through interactions directed by symbiotic bacteria'®® 2. REG3G enrichment
was highly specific to the ileum and was consistent in both the elution and centrifugation methods (Figure

40A-B).
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Figure 40. REG3G is selectively enhanced in the ileum in both centrifugation and elution IF

These analyses are derived from the dataset described in Figure 38. Log2 transformed LFQ intensities for
the REG3G protein are shown from IF samples collected using either the centrifugation (A) or elution (B)
method. Significance was tested using an ordinary one-way ANOVA, and when significant, Tukey’s post-
hoc multiple comparisons test was applied, and all significant comparisons are plotted above. P-values are
as follows: ****p < 0.0001.

As one could observe from the individual proteins of interest (Figure 39-40), the raw LFQ intensity data
may bias the global results significantly because if a protein was more highly concentrated in general using
one methodological preparation, the differences between Gl sites may be underrepresented in the
analysis. Indeed, the enrichment analysis indicated that within both methods there were several proteins
annotated to the extracellular space which were enriched in one method relative to the other (Table 5).
Importantly, if only one of these methods were used to study regional specificity within the Gl tract, would
similar conclusions be reached about the enrichment of a given protein of interest relative to the other
segments assessed? To answer this question, data were z-scored independently within the elution and
centrifugation methods, such that the relative level of a given protein within each method overall would
no longer influence our results. Furthermore, a selection filter was implemented to reduce noise and to
identify proteins where one could confirm or deny a segment-specific pattern of regulation. If a protein
was only identifiable from one method, its absence in the other could be biological, technical, or
otherwise, so each protein selected had to appear in both methods. A given protein must have been found
within IF samples for at least one segment subspace (colon, ileum, jejunum, duodenum) to be included.
Using independent z-scoring and logical data selection, one can see that the differences between methods
became significantly less influential and the overlap between segments across methods was much clearer
(Figure 41A). Segments from the SI were overlapping to some degree, whereas the colon clusters
independently from the rest of the Gl tract (Figure 41A). The correlation between segments across
methods was much higher than between all segments within a given method (Figure 41B). Interestingly,

the most poorly correlated segment between the two methods was the ileum (Figure 41B). Where in the
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centrifugation method the ileum correlated with the duodenum, within the elution method this ileal

segment correlated better to the jejunum (Figure 41B).
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Figure 41. Independent z-scoring by method results in high congruence of the overall proteomic
signature from Gl segments

These analyses are derived from the dataset described in Figure 38. Independent z-scoring within the
centrifugation and elution methods were performed, and only proteins which appeared with 100% valid
values in at least one segment irrespective of method were included (in total 3093 individual proteins) for
data shown in (A-B). In (A) PCA of all proteomics data post-selection and z-scoring. Point fill indicates the
method, and the point colour indicates the segment of origin (colon, ileum, jejunum, or duodenum). In (B),
the mean Pearson’s correlation for segment within and between methods is shown.

As the principal reason for implementation of the IF methods is to isolate metabolites or molecules within
the tissue microenvironment which would otherwise not be capturable, sub-selections of these proteins
were made. As the Gl tract is rich in immune cells and has an important impact on inflammation
throughout the host (see section 1.2.3 and 1.4.1), proteins related to inflammation and immunity were
obvious candidates for analysis. | was also interested in proteins annotated to the extracellular space or
annotated as secreted, as these are the proteins one might expect to find within IF. Selection of
inflammatory response and immune response annotations combined (Figure 42A-B) and extracellular
space and secreted protein annotations combined (Figure 42C-D) from the rat Uniprot database resulted
in a similar pattern of enrichment as was seen for the overall proteomic signature shown in Figure 41.
Given that the PCA plots closely resemble what was seen in the overall PCA in Figure 41, it is likely that
both these annotation subgroups have a significant impact on the overall data. In conclusion, the use of

an independent z-scoring method revealed an underlying congruency between the proteomic profiles of
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individual segments across these two methods. Though, the purposeful selection of only proteins which

were identifiable in both methods likely contributed to the similarity between spaces. It is advisable to

independently confirm results from either method in some capacity when possible.
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Figure 42. Inflammation-related and proteins expected in IF are similarly enriched in various Gl
segments in both the elution and centrifugation methods
These analyses are derived from the dataset described in Figure 38. Independent z-scoring within the
centrifugation and elution methods were performed, and only proteins which appeared with 100% valid
values in at least one segment were included for data shown in (A-D). Selection of inflammatory response
and immune response annotations (a total of 285 proteins) from the rat Uniprot database are shown by
(A) PCA and (B) Pearson’s correlation. Selection of extracellular space and secreted annotations (a total of
354 proteins) from the rat Uniprot database are shown in (A) PCA and (B) Pearson’s correlation. In (A) and
(C), point fill indicates the method, and the point colour indicates the segment of origin (colon, ileum,
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jejunum, or duodenum). In (B) and (D), the mean Pearson’s correlation for segments within and between
methods are shown.

4.2.8 SCFA from Centrifugation and Elution IF are similarly identifiable in the colon and

cecum in healthy rats
Centrifugation IF fluid is rather native and therefore the exact quantification of a given substance in
relativity to the serum is more intuitive than from the elution method where proteins and metabolites are
eluted out of the respective segment IF into a technical solution. Use of the centrifugation method does
not require additional information about the kinetics of distribution for a given protein/metabolite within
a putative intra- or extracellular space. Because the preparation is short, and relatively gentle, any
metabolites or proteins isolated in the IF can be well assumed to be extracellularly derived (refer to Figure
36). | was interested to see whether the results of the SCFA isolation from elution IF would be
recapitulated in centrifugation IF. Both the centrifugation and the elution method were applied to isolate
IF from the same animals, and site-specific feces were taken from each segment. Because of the cecum’s
unique shape, it was used only for the centrifugation method, because to separate it would have
compromised the integrity of the tissue for IF preparations. The results from elution IF were subjected to
the same calculation detailed in 4.2.5. The total tissue water in rats is 0.72 mL/g.?°* IF isolated within both
methods was directly compared for C2 (Figure 43B), C3 (Figure 43C), C4 (Figure 43D), and isoC4 (Figure
43E). One can see that in both methods the enrichment of certain SCFA (apart from C2 which is also non-
microbially derived®®?) follow a similar pattern (Figure 43). Encouragingly, the results of both methods
ended up in a similar micromolar range. Overall, the SCFA’s examined in the elution IF appear at lower
concentrations than in centrifugation, which was not unexpected given that the elution method is less

directly quantitative.
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Figure 43. SCFA in IF is similar enrichment along the Gl tract in both methods

A) The scheme for samples which were tested in (B-E) from healthy male and female SD rats; n=5 for each
condition (extraction failures were removed). Centrifugation samples were corrected for dilution factor
used to achieve the appropriate volume for injection. Elution IF was collected for 2 hours in a saline-based
isosmotic buffer solution. Elution data was normalized to the elution volume, and the concentration was
corrected to the expected total tissue water volume to compare with plasma (calculation detailed in
section 4.2.5). GC-MS was used to measure C2 (B), C3 (C), C4 (D) and isoC4 (E) from IF and serum samples.
| performed the experiments and extracted samples with assistance from Dr. Sabrina Geisberger (MDC
Proteomics and Metabolomics Platform, Berlin). Dr. Sabrina Geisberger performed GC-MS measurements
and peak integration, and | did the subsequent data analysis and calculations.

Fecal matter was site-specifically collected from each segment which was shown in Figure 44, and SCFA
from each of these segments was analyzed. Fecal C2 was unlike what was found in either IF extraction
method (Figure 44A). From examining the fecal metabolites C3 (Figure 44B), C4 (Figure 44C), and isoC4
(Figure 44D), one can see that a similar pattern to what was seen in IF was also capturable from the feces,
though the overall levels of SCFA from both methods were of course similar because the matrix for
measurement was the same. Interestingly, there were some subtle differences in fecal SCFA levels
depending on where along the tract the fecal matter was collected (e.g., colon centrifugation and colon

elution).
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Figure 44. Fecal SCFA enrichment is specific to the colon and cecum in SD rats

GC-MS was used to measure C2 (A), C3 (B), C4 (C) and isoC4 (D) from fecal samples. Each sample was
collected from the respective segment area used for IF preparations shown in Figure 44, and the sample
collection scheme is shown in Figure 43A. | performed the experiments and extracted samples with
assistance from Dr. Sabrina Geisberger (MDC Proteomics and Metabolomics Platform, Berlin). Dr. Sabrina
Geisberger performed GC-MS measurements and peak integration, and | did the subsequent data analysis
and calculations.

Importantly, using either method, the same conclusion would be reached about the enrichment of C3, C4,
and isoC4 within Gl tissue IF in the cecum or colon relative to the serum. In conclusion, the centrifugation
method can be used as a confirmatory method for results found in the elution method. Indeed, the
centrifugation method, when appropriate volumes can be attained, may be advantageous to pursue if the
exact concentration within native IF is of interest. In both mice (Figure 34) and rats (Figure 43), the
specificity of C3, C4, and isoC4 enrichment within the colon and cecum IF was observed, indicating that

this pattern is likely evolutionarily conserved.
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5. Discussion

21,76 and in rodent disease

An association between dysbiosis and hypertension has been found in patients
models.?t 759092 Ag the interaction between hypertensive disease and the microbiome has recently been
established, much is unknown about the overall contribution of this factor to the mosaic of hypertension.
The first aim of my thesis was to define the contribution of the gut microbiome in hypertension using GF
and COL littermate mice. | have shown in section 4.1 that the microbiota has a potent effect on
hypertension-induced cardiac and renal damage in mice. In a presence/absence scenario, GF mice showed
a stronger adverse response to hypertension than their COL littermates. In particular, the kidney seems
to be more sensitive to changes in microbial status than the heart. The inflammatory status, the
microbiome, and the metabolome was characterized in GF and COL mice, and broadscale phenotypic
differences between mice which received colonization was very clear. Because GF mice are known to be
lacking in microbially-derived SCFA, | suspect that this played a significant role in the phenotypic response
of these mice to hypertension. Further research is needed to investigate the exact mechanisms governing

the transition from GF to COL mice, and why the colonization condition offered protection against kidney

damage.

On the composite univariately and multivariately, hypertension-associated kidney dysfunction was worse
in GF than in COL mice (Figure 7-9, Figure 13-14). While for some kidney damage markers, there were
clear quantitative differences between the expression of a given marker in GF and COL hypertensive mice,
these results were always interpreted relative to the respective sham group. If the respective sham groups
were not considered, and only hypertensive COL and GF mice had been evaluated, for some markers the
conclusion may have been that similar levels of kidney dysfunction developed in both groups. For
example, nephrin, a surrogate marker for glomerular integrity, in hypertension treated mice from both
COL and GF seemed to reach a similar level overall (Figure 7C). Some of the larger effects in our univariate
analysis may be related to the slightly lower baseline level of putative markers for kidney damage within
sham GF mice compared to sham COL, though these groups do not significantly differ in the overall
analyses. Indeed, the comparison of kidney parameters multivariately between sham GF and COL did not
reach significance (Figure 14A). However, one might ask why in hypertensive COL mice, kidney damage
was not more significant; as kidney damage has been shown several times to develop in C57BL/6J mice
during hypertension. The standard model for end-organ damage in our lab includes uninephrectomy to

108, 203

exacerbate the renal phenotype , which was not included in these experiments because the nature

of this procedure would have exposed GF mice to bacterial contamination. Therefore, less renal damage
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was expected in our hypertensive mice when compared to the published literature!’®. Nevertheless, the
omission of the uninephrectomy procedure was the same for GF and COL groups, and thus is not related

to the exacerbation of kidney damage in one group compared to the other.

Consistent with higher levels of inflammatory markers in the kidneys of GF mice, infiltrating macrophages
(F4/80+ cells, Figure 8B) were higher in GF mice with hypertension than in COL. Macrophages and the
expression of Ccl2 (Figure 8C), have both been implicated as major players in worsening kidney damage
in mice?®* and humans®®. Infiltrating macrophages during renal injury are known to induce the secretion
of cytokines like IL-1B, which can intensify the activation and differentiation of Th17 cells.?*® While Th17
cells were not directly measured within the kidneys, the expression of cytokines which are used to induce
Th17 cells (/I-6, -1 and TGFp) were increased in GF mice with hypertension to a greater extent than in
COL for the most part (Figure 13). Intriguingly, we found that the cardiac phenotype was less influenced
by the microbial status of the host. While univariately, the differences between GF and COL seemed
somewhat similar in the heart to the kidney (Figure 10-11), on the composite, the cardiac phenotype was
more heterogenous between these groups (Figure 13B). Particularly for markers of fibrosis in the heart,
regardless of the microbiome status, the mice developed significant injury. These data suggest that the
kidney, more so than the heart, represents a subspace of hypertensive target organ damage, which is
more susceptible to microbial colonization. It is plausible that cardiac damage could be aggravated to a

greater degree in GF mice as renal function declines.

Metabolites of microbial origin, some of which are known to be associated with cardiovascular disease

126,184 \vere measurable within the serum metabolome of our

and accumulate in chronic kidney disease
COL but not our GF mice, such as IS and TMAO (Figure 20). Indeed, several of the so-called uremic toxins
are actually biproducts of microbial metabolism conjugated by the liver after entering the host
circulation.’?® Our results indicate that GF hypertensive mice experience robust kidney damage to a
greater extent than COL hypertensive mice, despite GF mice being devoid of these harmful metabolites.
Itis tempting to speculate that the reason COL mice experience less overall damage is due to the presence
of SCFA. Our group and others have shown the potent effect of SCFA in mouse models.?* 2> Interestingly,
SCFA treatment was shown in ischemia-reperfusion injury (IRI) to radically reduce kidney Ccl2, II-1, and
associated kidney damage.?%” SCFA have been shown to have anti-inflammatory properties in several cell

138, 172, 208, 209

types , and as only mice with a microbiome contain high levels of C3 and C4 (Figure 21), we

expect that this could contribute to why more inflammation was evident in GF mice, especially in the
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kidney. Perhaps the potency of SCFA in COL mice counterbalances the effect of higher IS and TMAO levels
in hypertensive mice. The interactions between different metabolites which are suspected of having some
disease-related activity in hypertension has to my knowledge never been investigated. The impact of
individual metabolites alone compared to a defined combination of these metabolites (e.g., co-

administration of IS and SCFA) in GF mice would be interesting to pursue in follow-up studies.

Furthermore, | have shown that the systemic inflammatory response to hypertension is altered by
colonization status. MSDC, which represent an important subset of innate anti-inflammatory cells in
hypertension'!, reacted differently in hypertensive GF mice compared to COL (Table 3, Figure 17A-B).
Additionally, Th17 cells were increased during hypertension in GF mice (Figure 17C-D). | wanted to explore
in vitro whether naive T cells from GF mice were more sensitive to polarizing cytokines and Ang Il. | found
that upon polarization, naive T cells from GF mice skewed more towards Th17, particularly when Ang Il
was added (Figure 18). Recent evidence has shown that pre-existing conditions experienced by immune

t'81183 aven when these cells are still in a naive state. Because SCFA

cells impact their developmen
propionate is known to decrease the rate of Th17 cell differentiation?’?2%, this could be part of the reason
naive cells from COL mice were less inducible toward Th17. However, as these in vitro experiments were
performed in CONV and GF mice (rather than COL and GF), they should be interpreted with caution for
the reasons detailed later on. It is plausible that this impacted the results to some degree. Nevertheless,

it would be interesting to investigate the impact of pre-conditioning naive T cells in vitro with a given

metabolite or set of metabolites and subsequently polarizing toward Th17.

The results from our GF experiments in the context of existing studies investigating the impact of GF status
on disease development was animportant tenet of this project. The data | collected about the microbiome
and metabolome in GF and COL mice were compared to the only known report of a similar global analysis
of these parameters in GF and CONV mice in hypertension.'®® In Figure 22A, one can see that the
microbiome of ours and the Cheema and Pluznick bore no similarities to one another on a genus level.
This is unsurprising, as researchers from around the globe have continually expressed concern over the
lack of comparability between microbiomes from mice even of the same strain and acquired from the
same retailer; highlighting an ongoing challenge faced in the field.?° When comparing the metabolome
from Cheema and Pluznick to our data, there was significantly more overlap between the metabolic
response to hypertension in the GF groups from each study than in the COL/CONV groups (Figure 22B-C).

The comparison of these data was only possible due to the free availability of their sequencing and
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metabolomics data, which for these types of studies should be required. Recently researchers in the field
have also proposed guidelines by which all relevant parameters known to influence the microbiome in
rodents can be accounted for.?! The comparison of these two studies indicated that the colonizing
microbes can potently impact the resultant metabolome, and the same might be true for the hypertension
phenotype. Though another interpretation of our analysis could be that because Cheema and Pluznick did
not use littermates, and rather used two separate colonies, this could have led to the discrepancy between
our results. As Cheema and Pluznick did not report their phenotypic data, it is unclear whether similar
discrepancies would have been found in the hypertensive phenotype. To our knowledge, one study similar
to ours where phenotypic data was reported (albeit without microbiome or metabolome data) has been
published by Karbach et al.®® Karbach et al. showed that GF mice were protected from developing

hypertension and related vascular damage, which our findings did not corroborate.®®

The debate over the impact of the microbiome in disease development is not limited to the field of
hypertension. Indeed, in diet-induced obesity; GF status was shown first to be protective®'?, whereas two
studies since have come out and shown that GF mice are not protected against diet-induced obesity.?*
214 Similarly, GF status has been shown to exacerbate kidney damage in the context of IRI>** and adenine-
induced chronic kidney disease!’® 26, Though another study showed that antibiotic-depletion of the
microbiota protected mice from IRI-related kidney damage.?'” It is again possible that the differences
between the two IRI studies is related to the protocol used (e.g., antibiotic depletion vs. the use of GF

mice). | therefore closely examined what about the Karbach et al. study, in comparison to the study

presented in section 4.1, was dissimilar.®?

One of the key differences between the two studies was that the study from Karbach et al. compared GF
mice to CONV mice, whereas | compared GF mice with littermates that had been colonized early in life.
The advantage of the study detailed in section 4.1 was the ability to account for known genetic drifts in
physically separated mouse colonies®®, as genetics are also known to contribute to the mosaic of
hypertension.® Indeed the divergence of the microbiome and immune competency in lab-raised sub-
strains has also been shown,?* ¢ hence the need for littermate controls as a standardization technique in
microbiome studies.”” % During the design of the experiments shown in this thesis, the early-life
colonization strategy, beginning at four weeks old, was decided on for both practical and experimental
reasons. Microbial colonization in early life is critical for the maturation of the human immune system?,

and perturbations during this phase have been shown to influence susceptibility to allergies*° and
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infectious diseases.?*° Initially, | had assumed that beginning the colonization period at four weeks old
would be robust enough to facilitate normal microbiome-immune interactions in the early phases of

immune system development.

After the completion of this work, a landmark paper from Constantinides et al. showed that mucosal
associated invariant T (MAIT) cells which play a role in cutaneous tissue repair are primed by the
microbiome in a narrow window during early life (between 2 and 3 weeks of age); after which they could

125 and

not be rescued.??! Our group has recently identified that MAIT cells may play a role in BP regulation
others have shown that these cells can influence renal fibrosis in CKD.??> While MAIT cells were not
investigated in this study, this recent research may point to MAIT cells as an additional reason for a
discrepancy between my results and the results from Karbach et al. Indeed, as the early-life period is
critical for the development of several immune cell subsets®®, it would be of interest to repeat the
experiments shown in section 4.1 with different timepoints for the initiation of colonization. Additionally,
recent work from Rosshart et al. has shown that embryonic transfer into a microbiome-rich host mouse
facilitates the development of the full range of microbial interactions from birth, while preserving
tractable genetics.®® | suspect this procedure will be of great benefit in future to control for the genetic
background of a given mouse colony whilst still facilitating the wide range of early-life microbial
interactions, which are still being discovered. Nevertheless, the impact of colonization on MAIT cell

development, and the interplay between MAITs and hypertension would be interesting to follow up on in

the future.

It is also important to note that the early-life MAIT cell effect shown in Constantinides et al. is thought to
be specific to barrier tissues, like the Gl tract, lungs, skin and liver.?? This brings me to an important caveat
of my study, in that | did not explore the immunophenotype within the Gl tract from GF and COL mice. In
this study the priority was rather to compare the resultant phenotype within the end-organs. However,
profiling the immune cell microenvironment and the changes which take place upon colonization is of
interest to the lab and is subject to ongoing exploration. The interplay between immune cells within the
gut and immune cells within a specific target organ in hypertension is of upmost importance as this is still

not well-understood.

While in the first portion of my thesis, the impact of metabolites in hypertension were of interest, the

appropriate compartment for measurement was a matter of debate. For the broadscale metabolite
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measurements, serum was selected as the most appropriate matrix for measurement. Serum is often used
for metabolite measurements instead of feces because dietary components which are undigested also
contain metabolites, and the signatures from undigested and digested, solubilized metabolites which
might be taken up by the host can not be separated from one another (dialogue with Dr. Jennifer Kirwan,
BIH Metabolomics Core Facility, Berlin). While some have suggested that the aqueous phase of feces could
be used as an alternative to fecal matter itself because the “fecal water” is likely to interact directly with
the colonic epithelium??, this still would not address the question of which metabolites actually enter the
host and can affect host function directly or indirectly beyond the gut epithelial interface. For the
measurement of SCFA in section 4.1, fecal material was utilized because these metabolites are often very
lowly abundant in serum. One study investigating SCFA within the portal blood and the systemic
circulation of humans found that the interindividual differences in C3 and C4 in the portal blood were
equalized by the hepatic utilization/clearance of these molecules, indicating that serum from the systemic
circulation even under normal conditions may not reflect changes in SCFA uptake from the Gl tract.?*
Regardless of whether serum (portal or systemic) or fecal matter was selected, the problem remains that
it is unknown whether these indirect measurements can capture what is absorbed into the host and is
capable of affecting the hosts immune cells and disease processes. Therefore, the second aim of my thesis
was to develop tools to capture the microenvironment within the Gl tract, by employing methods for IF
isolation to this compartment. Both an elution-based and centrifugation-based method were used to
demonstrate that within the Gl tract there are site-specific signatures which are of high relevance to

health and disease.

Indeed, within the elution-based method from mice (Figure 34) and rats (Figure 43) the SCFA C3, C4, and
isoC4 were enriched in the colon and cecum IF. This enrichment corresponded with a similar enrichment
in fecal material from these subsections for the most part (Figure 34, Figure 44). Furthermore, the
enrichment and site-specificity of these SCFA could be corroborated in IF from the centrifugation-based
method in rats (Figure 43). C2 was much more variable in the IF compared to the feces, especially in rats.
The reason that C2 results may be more ambiguous is likely because this metabolite can be produced both
endogenously and exogenously, and our measurements are not capable of distinguishing the origin of a
given metabolite.?%? Because C3, C4, and isoC4 are known to be purely exogenously produced?®?, | can
confidently identify the source of these metabolites when they are found in the host. In the future,

gnotobiotic mouse models would be of high utility to investigate the interplay between host and
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microbially-derived C2 in the IF, as well as various other metabolites which have both endogenous and

exogenous routes of production.

While the results of our fecal and IF SCFA measurements would support potentially using fecal metabolites
as a proxy for the metabolites which are taken up into the host; others have shown that the relationship
between SCFA in feces and serum can change during hypertension, suggesting that SCFA uptake from the
gut lumen is dynamically regulated.®* A potential use-case for the IF in future would be to examine the
relationship between IF and feces SCFA in a disease state such as hypertension. Additionally, one could
utilize radiolabelled SCFA molecules and track uptake and utilization by measuring radioactivity in IF and
in various body compartments. It is unfortunate but true that SCFA extractions for measurement using
GC-MS from biological material can vary from run-to-run and the ratios of SCFA (C2:C3:C4) are also known
to fluctuate between measurements.’”? We therefore advice that all biological samples whose

concentrations are to be compared should be measured together when possible.

Early on in method development, proteomics was used to understand the IF compartment within the
elution method. One of the interesting findings which emerged from the data was that the elution IF in
mice had significantly more intracellular proteins than the serum (Figure 31). While a definitive statement
about enrichment in a given fluid volume can not be made because the protein content from each space
was normalized, the increased coverage of both mitochondrial and ribosomal proteins was clear in Elution
IF from both segments (Figure 31). A more robust enrichment analysis could be pursued in future by
equalizing the input volume from the IF and serum spaces, though because the elution fluid is not native,
this requires assumptions to be made about the fluid volume within the tissue and the percentage of that
which is exclusive to the ECV. The nature of the elution method makes this type of normalization
challenging, and therefore is a limitation of this method. Nevertheless, | suspect that the increased
number of valid protein IDs from the IF space (Figure 28B) could be driven by the higher potential for
intracellular contaminants to enter the elution fluid. The most obvious explanation for the enrichment of
intracellular proteinsin elution IF is that the cells are in some way damaged or squeezed during the elution
preparation. This is also supported by the fact that even at the shortest elution timepoint tested (2 hours),

there was still a far higher K* concentration in elution IF than in serum (Figure 26B).

Although it is important to note that a suspected enrichment of intracellular proteins in the elution IF is

not the only possible explanation for their appearance in the proteomics data. It is well possible that this
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could be due to an annotation issue within the mouse proteomic database, in that the available
information about protein localization within a compartment does rely on manual curation. Indeed, there
were several proteins annotated to the intracellular space in the elution IF as well as the serum (Figure
30). For example, ERAP1 appeared in both Gl tract and serum samples (Figure 30), and while this protein
is known to localize to the endoplasmic reticulum, recent evidence has shown that secretion of ERAP1 can
occur in response to cytokine stimulation.?® 22 Polymorphisms to the Erapl gene are associated with

227-229

blood pressure control and this protein is known to interact with the RAAS system , representing an

interesting candidate for future investigation.

Another possible cause of high intracellular proteins within the IF could be that the isolation captures
small extracellular vesicles within the IF space. Extracellular vesicles (EVs) are submicron vesicles which
can be found in the bodily fluids of all species, and while their function was originally suspected as a
disposal mechanism for cellular waste, they’ve now been documented to play an important role in cell-
cell communication.?*® 21 EVs can contain a variety of proteins which would classically be described as
intracellular including cytoplasmic, membrane and even histone proteins.?*! It has been shown that EVs
play an important role in immune system regulation.?®> 23! Because they often display some degree of
target-specificity, they have been suggested as a potential therapeutic target for precision drug
delivery.?! Interestingly, the source of EVs can also be bacterial, as bacterial EVs (BEVs) are known to
penetrate through the mucosal layer in the gut and interact with intestinal epithelial cells.?*? As others
have recently shown that BEVs can indeed end up in the systemic circulation or at distal body sites*?,
these vesicles could be an additional route by which the microbiome is able to impact function at distal
organ sites. Indeed, a recent study showed that LPS-containing BEVs could be identified in the plasma
from patients with inflammatory bowel disease.?3 BEV entry into the host is not specific to disease states
which compromise gut barrier integrity.?*° For example, following the oral administration of fluorescently
labeled BEVs in healthy mice, fluorescence could be measured for the most part site-specifically along the

Gl tract, but also within the liver, heart and lungs.??

The study of BEV entry and distribution within the host’s bodily fluids represents another promising
application for the IF methods in future research. It is important to note that in the proteomics data
presented here, the mouse or rat Uniprot databases were used for data curation. As bacteria-specific
proteins are also of interest, given their potential route of entry via BEVs, using metaproteomic (i.e., the

characterization of the microbial community proteome) database curation would be needed to
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investigate whether BEVs are bringing novel interacting proteins into the host microenvironment within
the Gl tract, which would be possible from my existing shotgun proteomics data. A recent protocol was
published showing that EVs can be retrieved from bodily fluids using size-exclusion chromatography or
density-gradient ultracentrifugation?*, and | expect that this type of isolation may be possible from IF
fluids, though this remains to be tested. It is therefore an important goal of future research to distinguish
between intracellular proteins which are deposited in the IF due to tissue damage and which are found in

this compartment because they are derived from EVs or BEVs.

Using proteomics, | was able to show that within the elution IF of mice and rats and centrifugation IF in
rats, there are specific proteins of biological relevance that are enriched in a specific gut region. For
example, LGALS1 was found to be higher in the colon in mice (Figure 29B) and rats using the elution
method (Figure 39D). This result was also corroborated in centrifugation IF in rats (Figure 39C). While
galectins do have intracellular functions, they are known to be secreted and can interact with various
immune cell subtypes.?® For example, exposure of Treg cells to LGALS1 in vitro has been shown to
promote their differentiation, and has for this reason been suggested as a novel therapeutic target for
classical Hodgkin’s lymphomas.?*® Because immune cells which are polarized within the gut have been
shown to traffic to other tissues and effect function’?, the microenvironmental conditions experienced
within the Gl tissue is highly relevant. In the future, the IF method will be used to associate these types of
microenvironmental signatures from different spaces in the Gl tract (metabolomics, immunophenotyping,
and microbiome sequencing data) with the resultant disease phenotype. | have already begun to pursue
the use of immunophenotyping within each method, and it is clear from my preliminary experiments that

these methods are easily compatible with the existing technologies.

Overall, the comparison of the elution and centrifugation IF using proteomics resulted in some obvious
method-specific differences (Figure 38, Table 5). Using independent z-scoring within each method
individually to account for differences in the overall LFQ revealed significant similarities within the data
that were not visible previously (Figure 41-42). | suspect that the differences in overall LFQ intensities
across the methods is a matrix-specific effect to some extent. Interestingly, within the proteomics data
from both the centrifugation and elution IF data in rats (Figures 41-42) the Sl segments did not separate
from one another as clearly as the colon did from the rest of the Gl tract. There are several reasons why
this may have occurred. First, technically the segmentation protocols | utilized throughout the project

were based purely on gross anatomical measurements. Because all Gl tracts vary slightly in length,
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interindividual variability could play a role. Importantly, the anatomical distinctions of the SI (duodenum,
jejunum, ileum) are very difficult to identify with the naked eye.*” To verify that a given segment is indeed
derived from one of these compartments, histological or endoscopic evidence is required.*’ Because | did
not histologically evaluate each tissue after preparation, | can not definitively assert that the regions which
| have labeled the duodenum, jejunum and ileum are indeed as such. | suspect that the close association
between the various Gl segments from the proteomics data could be related to this technical limitation.
An alternative explanation could be the fact that the Sl segments are more interconnected than the Sl is
to the LI. Indeed, the Sl and LI were long considered the only two important distinctions in the Gl immune
system, though recent evidence is beginning to elucidate the intricacies of the sub-specifications within

different regions of the SI.°®

The challenge of comparing different IF methods has also been noted in IF isolated from skin biopsy
tumors.?®” In fact, they found that the centrifugation method led to 3-fold higher extracellular proteins in
the IF?*, which was puzzling given that the centrifugation approach is meant to be a more gentle
extraction of native material. When examining the methods, they report using a centrifugation speed of
10,000 x g which is far higher than the recommended speed for tumor IF centrifugation.®” The use of such
a high centrifugation speed highlights the importance of using tracer experiments for validation to
estimate the actual IF yield which can be expected from a given preparation. *'Cr-EDTA tracer experiments
facilitated the validation of the elution-based (Figure 27) and centrifugation-based (Figure 36) method.
Nevertheless, a common drawback of both methods is that the animals used had to be sacrificed in order
to perform these experiments. In vivo live sampling from the Gl microenvironment by another IF method

like microdialysis or capillary ultrafiltration% 142

would be ideal for longitudinal sampling, especially in a
disease model. As these methods require the insertion of a catheter into the tissue, they have limited
applicability for the delicate Gl tissue in rodents, especially in mice. Indeed, one study did attempt to
implement microdialysis for IF sampling in rodents and concluded that this was not a sustainable option
because of the extremely high mortality in experimental animals and associated lack of reproducibility.?3®
Furthermore, because the insertion of an in vivo catheter can be technically challenging, only one Gl
region could be catheterized at a time. As my aim was to understand the local microenvironment at

different sites within the Gl tract, these in vivo sampling methods were deemed inappropriate.

Both methods of IF isolation which | applied here have their unique advantages and limitations. The use

of the elution method is advantageous because it allows for the comparison of IF within low volume
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spaces with relative ease. Although, to calculate the expected concentration of a given metabolite or
molecule within elution IF, several assumptions must be made about the distribution volume of a
substance and the expected fluid volume within the tissue. The centrifugation method is advantageous
because it allows for the isolation of native IF from the tissue, although when isolating fluid from low-
volume spaces, reproducible measurements can be a barrier to its use. An important consideration for
future experiments is that the information gathered and presented here is from healthy animals. It has
been shown that the lymphatic system within the Gl tract can be impacted by disease conditions (e.g.,
Crohn’s disease, ulcerative colitis)?*°, and it is possible the extracellular fluid volume may be likewise
impacted. Because | do not distinguish between local lymphatics and extracellular fluid, as prenodal lymph
is largely considered representative of the IF*°, the restriction or expansion of the lymphatic vasculature
within the tissue may impact our ability to isolate IF from the tissue as well. It remains to be seen whether
disease conditions may also impact the extracellular volume or total tissue water, which would have
important implications for the elution IF method especially. Whether the validation of these
methodologies would need to be repeated independently for each disease model is unknown and needs

to be explored in future studies.
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5.1 Conclusions
In conclusion, | have shown that the microbiota has a profound effect on hypertensive disease
pathogenesis. Furthermore, | have shown that GF mice, compared to their COL littermates, experience an
aggravation of target organ damage in hypertension, which was more distinct in the kidney than in the
heart. Both systemic and local inflammation in response to hypertension was disparately regulated in GF
and COL, demonstrating the critical role of the microbiome in regulating the immune system throughout
the body. SCFA were clearly depleted in GF mice, which | expect plays a significant role in the development
of the GF phenotype in hypertension, as these metabolites are known to be potently anti-hypertensive.
Additionally, | demonstrated that the metabolome is influenced by the microbiome and is especially
variable in mice with a wide range of colonizing microbes. Furthermore, through the development of two
methods for the isolation of the IF from the Gl tract, | have introduced a novel compartment which can
be used to better understand how microbially-produced metabolites enter the host at the host-
microbiome interface. The development and application of IF methods to the Gl tract in rodents allowed
for the isolation of microenvironmental signatures within specific regions. | was able to identify the local
uptake of SCFA which was specific to the cecum and colon. Gradients along the Gl tract for proteins such
as LGALS1 could be confirmed across species and within two methods in rats. The comparison of the
signature from the IF to serum and fecal matter can be used to evaluate the appropriateness of each of
these matrices to investigate relevant (patho)physiological interactions between the host and its
colonizing microbes. In the future, these methods could be applied in conjunction with existing
methodologies to investigate host-microbiome crosstalk at the site-of-action within the Gl tract in health

and disease.
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