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Aims The gastrointestinal (Gl) tract is composed of distinct sub-regions, which exhibit segment-specific differences in microbial colon-
ization and (patho)physiological characteristics. Gut microbes can be collectively considered as an active endocrine organ. Microbes
produce metabolites, which can be taken up by the host and can actively communicate with the immune cells in the gut lamina
propria with consequences for cardiovascular health. Variation in bacterial load and composition along the Gl tract may influence
the mucosal microenvironment and thus be reflected its interstitial fluid (IF). Characterization of the segment-specific microenvir-
onment is challenging and largely unexplored because of lack of available tools.

Methods Here, we developed methods, namely tissue centrifugation and elution, to collect IF from the mucosa of different intestinal segments.

and results These methods were first validated in rats and mice, and the tissue elution method was subsequently translated for use in humans.

These new methods allowed us to quantify microbiota-derived metabolites, mucosa-derived cytokines, and proteins at their site-of-
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action. Quantification of short-chain fatty acids showed enrichment in the colonic IF. Metabolite and cytokine analyses revealed dif-

ferential abundances within segments, often significantly increased compared to plasma, and proteomics revealed that proteins an-

notated to the extracellular phase were site-specifically identifiable in IF. Lipopolysaccharide injections in rats showed significantly

higher ileal IL-1P levels in IF compared to the systemic circulation, suggesting the potential of local as well as systemic effect.

Collection of IF from defined segments and the direct measurement of mediators at the site-of-action in rodents and humans by-

passes the limitations of indirect analysis of faecal samples or serum, providing direct insight into this understudied compartment.

Interstitial fluid ® Intestinal microenvironment ® Microbiome e Intestine ® Fluid isolation ® Rodents ® Humans
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1. Introduction

The gut microbiota consists of a complex community of bacteria that is es-
sential for immune homeostasis and has important implications for host
health." It is considered as an endocrine organ, producing metabolites
that interface with host physiology by triggering responses in the local in-
testinal microenvironment or in distant target organs.” Microbiomes from
diseased and non-diseased individuals differ (exhibiting a dysbiotic as op-
posed to eubiotic state), as shown for several inflammatory conditions
(e.g. colitis), hypertensive cardiovascular disease (CVD), and metabolic dis-
orders>™"® Low-grade inflammation can be triggered through dysbiosis
and its derived metabolites."

Combining clinical and experimental studies, we identified microbial
short-chain fatty acids (SCFA) and tryptophan metabolites'>2° to be im-
portant for CVD and multiple sclerosis (MS). SCFA (acetate, propionate,
and butyrate) exert beneficial effects on the host."**"*? We showed that pro-
pionate decreases inflammation, blood pressure, and cardiac damage in mice,
which is in part mediated by Treg."” Although it is well recognized that there is
considerable variability in the microbes that colonize the intestinal segments,
current microbiome research mainly focuses on faecal samples, thereby losing
segment-specific information. The use of faeces to study the segment-specific
host-microbiota interactions may therefore be considered as disadvantage, as
this sample represents only the total end-product of a highly dynamic system.
Thus, we aimed to develop methods to collect interstitial fluid (IF) from differ-
ent segments of the intestinal mucosa of rodents and humans to gain direct
insight into the site-specific microenvironment of the gut.

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,
and the capillaries.”® The extracellular fluid space consists primarily of IF and
a small percentage of plasma.** Isolated IF has been used to reveal tissue-
specific microenvironmental signatures present in the extracellular space,
which cannot be predicted by serum measurements.>> demonstrating the
importance of measuring IF content locally at the site-of-inflammation.

The gastrointestinal (Gl) tract is the interface between the host and its
microbiota. We assume that the intestinal IF is rich in both host-produced
and microbially produced factors such as cytokines, metabolites, and pro-
teins, although this has not yet been demonstrated. Little is currently
known about the spatial composition in the intestinal mucosal interstitium,
the interaction with immune cells and the consequences for health, par-
ticularly in inflammatory and cardiovascular diseases.® To overcome the
limitations of existing approaches, we aimed to develop and validate new
methods that can be applied to rodent and human biopsies, allowing direct
phenotyping of the local intestinal microenvironment instead of indirect
phenotyping of faecal samples.

2. Methods

Detailed description of all analytical methods and data analysis used is avail-
able in the Supplementary material online. Experiments were carried out in
both Berlin, Germany at the ECRC as well as the Bergen, Norway at the
University of Bergen. All animal experiments were approved by local au-
thorities (for Berlin: C57BL/6) mice: X9009/18, SD rats: Y9004/18; for
Bergen approval ID #10508 and #13922) and all procedures were in

accordance with the guidelines of the European Parliament Directive
2010/63/EU on the protection of animals used for scientific purposes or
the NIH Guide for the Care and Use of Laboratory Animals. For all proce-
dures, rats were anaesthetized with isoflurane in oxygen (4% induction,
1.5% maintenance, flow rate, and 1-2 L/min). Rats were sacrificed while
under isoflurane anaesthesia (5%) either by decapitation or by excision
of the heart and mice were sacrificed by cervical dislocation following iso-
flurane anaesthesia (5%).

3. Results

3.1 Intestinal IF can be isolated from rats by

tissue centrifugation
The centrifugation technique to isolate native IF was first described for skin
and tumours in rats.?” To investigate whether this method could be applied
to extract IF from the gut interstitium in rats, we excised the entire gut im-
mediately after euthanasia. Gut segments were placed on a nylon mesh and
subjected to 400 g for 10 min (Figure 1A). Following centrifugation, the vol-
ume was determined, and the isolated fluid was aliquoted for further ana-
lysis. The average fluid yield from the different segments ranged from 5 pL
in duodenum to 25 pl in the other segments, respectively (Figure 1B and C).
The origin of the isolated fluid, i.e. whether it is derived solely from the
extracellular space or is ‘contaminated’ with intracellular fluid from tissues
and blood cells, can be assessed by determining the ratio of a tracer that
equilibrates only in the extracellular fluid phase and does not pass intracel-
lularly.?” An example of such a tracer is the non-native labelled extracellular
tracer >'Cr-EDTA. After a 2-h in vivo equilibration period of >'Cr-EDTA,
we harvested and centrifuged the corresponding intestinal segments
(Figure 1D) and calculated the tracer concentration ratio in IF (centrifuged)
and plasma. In these experiments, skin was included as a reference. As
shown in Figure 1D, except for the ileum, the mean of the IF/serum ratio
was <1.0, indicating that there was a slight dilution of the IF with intracel-
lular fluid. In an attempt to validate that the fluid isolated by centrifugation
reflected the intestinal microenvironment, we determined, as a
proof-of-concept, levels of the antimicrobial peptide regenerating islet-
derived protein 3 gamma (REG3G), which is produced by Paneth cells in
the ileum through interactions directed by symbiotic bacteria.?®% As ex-
pected, REG3G enrichment was specific for the ileum (Figure 1E). The en-
zyme aldolase B (ALDOB) is enriched in the small intestinal segments
compared to the colon (Figure 1F). Next, we focused on interleukin
(IL)-18, which is expressed by enteric neurons and controls goblet cell ex-
pression of antimicrobial proteins.®® The frequency of goblet cells in-
creases from the upper to the lower Gl tract®' IL-18 was significantly
increased in the colonic IF compared to the small intestinal IF
(Figure 1G). We next aimed to validate the site-specific production of
SCFA (propionate C3 and butyrate C4) as a use case for the measurement
of microbial-derived metabolites. As expected, C3 and C4 concentrations
measured directly in centrifuged IF were significantly higher in the colon
with a higher level in the cecum compared to the small intestine and serum
(Figure 1H and ). We further asked whether the cytokine IL-1B was also
produced locally in the rat intestine. Duodenal IF showed significantly high-
er |IL-1B concentrations compared to other segments of the small and large
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Figure 1 Centrifugation-based native extracellular fluid isolation within the Gl tract of Sprague—Dawley rats. (A) Schematic of the centrifugation-based
method for IF isolation. The Gl tract was excised from just below the stomach to the colon. Seven to 10 cm pieces of Gl tissue were measured, cut, and
immediately ligated. The tissue was inspected for holes, and any faecal matter was squeezed out from the edges of the tissue after the ligation point.
Tissue ends were trimmed if necessary. The tissue was then placed on a light screen material, folded, and in a 5 mL Eppendorf tube. Closed tubes were

(continued)
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Figure 1 Continued

centrifuged for 10 min at 400 g. Immediately after removal of the tissue, the ligations were cut off and the faecal matter was collected. The IF from within the
5 mL Eppendorf tube was weighed, and diluent was added for aliquoting the centrifuged IF. IF was stored at —80°C for further analysis. Some images were
adapted from the Servier Medical Art collection (https:/smart.servier.com). (B) The scheme for collection of rat sample is shown. (C) Centrifugation volumes of
IF from male and female rats (n = 8) as collected in (B). (D) The extracellular tracer >'Cr-EDTA was used to determine how well the centrifugation method
works to isolate IF from Gl tissue compared to skin. The IF/serum ratio of >'Cr-EDTA was determined using a gamma-counter from centrifuged IF (n = 8). The
log, difference of REG3G (E), ALDO B (F), and IL-18 (G) quantified by mass spectrometry is shown for the respective intestinal segments (n = 6). REG3G is
selectively enhanced in the ileum, whereas IL-18 is increased in the colon. (H-]) Propionate (C3), butyrate (C4), and IL-1p levels of IF from different segments of
the rat Gl tract (n = 5-7 per segment). Statistical analysis for (D) was performed using an ordinary one-way ANOVA with Dunnett’s post hoc test (recom-
mended 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. Data were examined for outliers using the ROUT outlier test. Outliers were removed when appropriate. Normal
distribution was tested with Shapiro-Wilk test. Data in (C—I) were tested by ordinary one-way ANOVA with Tukey’s multiple comparison test; *P < 0.05,
*#%P < 0.01, ***kP < 0.0001, (J) with Kruskal-Wallis test corrected for multiple comparisons by controlling FDR (Benjamini, Krieger, Yekutieli) #P < 0.002

vs. colon and jejunum, P < 0.05 vs. ileum.

intestine as well as serum suggesting a local production (Figure 1J). Taken
together, these data indicate that native IF isolated by the centrifugation-
based method in a rat model is suitable for analytical phenotyping of micro-
bial or intestinal-derived metabolites, cytokines, or proteins.

3.2 Isolation of intestinal IF from mice using

tissue elution

Since the mouse is a preferred model in many biomedical contexts, and we
therefore investigated the possibility of isolating murine IF. First, we as-
sessed the extracellular volume (ECV) in different Gl segments, as this pro-
vides information on the feasibility (see Supplementary material online,
Figure S1A) of extracellular tracer experiments with >'Cr-EDTA. The
ECV of Gl tissue was relatively similar to that of muscle tissue,”> with an
estimated volume of 0.1 to 0.2 mL/g wet weight, depending on the seg-
ment of interest (see Supplementary material online, Figure S1B). Total tis-
sue water [the ECV and intracellular volume (ICV)] within a given tissue
was also determined from the colon, cecum, ileum, jejunum, and duode-
num (see Supplementary material online, Figure S1C). There were some
very small but significant differences in the total tissue water for individual
segments, although these are unlikely to be physiologically relevant. The
maximum difference between any segments was 0.02 mL/g and the
mean total tissue water value across all samples was 0.79 mL/g (see
Supplementary material online, Figure S1C).

These distribution volume experiments indicated that the IF space was
of a size making IF isolation by centrifugation feasible. We therefore applied
the same centrifugation approach to mouse intestinal tissue. As might be
expected due to the lower total tissue weight of the Gl tract, IF sample vo-
lumes were smaller than in rats. Although these experiments suggested
that the centrifugation method was feasible for isolation of mouse intes-
tinal IF, the sample volumes (about 0.5 to 4 uL depending on the segment)
were insufficient to overcome the limit of detection for many analyses un-
less pooled. We therefore developed an elution-based method to pheno-
type the mouse compartment. Elution-based methods have previously
been used to isolate IF from various tumour tissues and are advantageous
because they result in a large volume of 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 dissolved in the IF phase will equilibrate
with the surrounding buffer by diffusion over time. The eluate is diluted
relative to the original IF in the native tissue, but the dilution factor is known
and can be used to calculate the tissue concentration of the analytes.
Schematics of the methodological details are shown in Figure 2A.

Saline is a typical state-of-the-art isosmotic buffer option for elution. In
the initial phases of method development, the ionic composition of IF was
used as a proxy to measure the efficacy of the elution method, making sa-
line inappropriate, and we used mannitol as the eluent. Theoretically, the
ionic composition of IF should closely resemble that of plasma with low
levels of potassium (K*; 3.5-5.0 mmol/L) and levels of sodium (Na*) ions

around 140 mmol/L**3? and thus a ratio of IF Na* to serum Na* close
to 1.0. To optimize the use of elution from Gl tissues, we tested different
elution time points (8 and 24 h) and analysed their effect on IF ion levels
(Figure 2B and C). The longer 24 h time point resulted in higher K* in eluted
samples ranging from 20 to 40 mmol/L (Figure 2C). Increased K levels in-
dicate leakage of intracellular K* into the eluate and/or decreased Na'/K*
ATPase activity, which may be a result of energy deficit of the eluted tissue
and loss of tissue integrity. Thus, we used shorter elution time points for
comparison (2, 4, and 8 h) and repeated the experiment with a larger num-
ber of intestinal segments. Across all segments, shorter elution times re-
sulted in less K™ deposited in the elution buffer (Figure 2D and E). The
K" level within any given elution IF sample was still far higher than serum
(Figure 2E), although this was not entirely unexpected, given the strong gra-
dient of intracellular K™ and high ICV relative to ECV in the Gl tract. These
experiments suggest that there is a significant leakage of K* ions originating
from the intracellular space. The IF/serum Na" ratio was significantly differ-
ent from 1.0 (Figure 2B), indicating that this fluid shift was accompanied by
cell water.

Since ion chromatography measurements of shorter elution times sug-
gested an improved tissue integrity, we next tested whether the substances
of interest would be efficiently extracted from the intestinal IF at these lower
time points. The extracellular tracer >'Cr-EDTA (molecular weight = 339)
mimics the size of a small molecule/metabolite and was used to assess
the time likely required for a compound to equilibrate with the elution
buffer (see Supplementary material online, Figure S2). The amount of tracer
in the elution buffer was assessed relative to the total amount of tracer in
each respective tissue segment. >'Cr-EDTA equilibrated with the sur-
rounding elution buffer rather quickly, with most of the tracer being eluted
after 2 h (see Supplementary material online, Figure S2). In the small intes-
tinal segments, there was more variation in the eluted tracer fraction. We
suspect that this is due to the lower ECV in the small intestine (see
Supplementary material online, Figure S1B), as it is known that IF is more
difficult to be mobilized from spaces with a lower IF fraction.”® Even at
the longest time point studied, a small amount of the *'Cr-EDTA was
not recoverable, as indicated by an eluted fraction unequal to 1.0. This sug-
gests that there may be some unspecific binding of the *'Cr-EDTA within
the tissue, rendering a fraction of this molecule inaccessible. Nevertheless,
based on these results it is likely that small molecules such as microbiota-
derived metabolites can rapidly equilibrate within the elution fluid.

3.3 IF collected using elution can be used to

study tissue-specific proteomic signature

Next, we examined whether the IF from the Gl tract has a protein signa-
ture that is distinct from the circulating blood as previously shown for mi-
croenvironments such as tumours>>3> and the skin.®> Shotgun proteomics
was used to identify similarities and differences between the IF (see
Supplementary material online, Table S1) and serum from C57BL/6 mice.
Overall, significantly more unique protein IDs were found in IF compared
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Figure 2 Schematic for the collection of IF using an elution-based method. (A) The respective Gl tract tissue was excised and immediately washed from the
luminal side using a blunt syringe with ~5 mL of isotonic buffer to ensure the removal of any luminal contents. Faecal matter was collected from the indicated
segment prior to rinsing. 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, the tissue was placed in a 1:10 dilution of an appropriate isosmotic buffer solution
and placed on a rocker at 4°C. After the specified elution time, the tissue was removed, and the eluted fluid was aliquoted and stored at —80°C for further
analysis. Some images were drawn with Servier Medical Art from Servier, licensed under a Creative Commons Attribution 3.0 Unported License (https:/smart.

servier.com). (B) Segments were taken from each region of the colon and duodenum and were either placed in mannitol for 8 or 24 h, respectively.
(continued)
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Figure 2 Continued

Comparison of the Na* IF to serum ratio (B) and IF K* (C) by ion chromatography from samples eluted in a mannitol-based buffer for 8 or 24 h. N = 5 for all
conditions, and one outlier was excluded. (D) The segmentation approach from C57BL/6) mice. (E) K was measured from IF and serum (matched by animal).
Separate animals were processed for each time point, n = 4 for each of the 10 segments at each time point. The results from each time point were binned, and
the results from each segment are shown together. Shorter time points result in significantly less K™ (mM) in elution IF. Two-way ANOVA and post hoc Sidak
multiple comparison test were used to test significance. P-values are as follows; *P < 0.05, **P < 0.01.

to serum (Figure 3A and B). Of these, 1802 proteins were statistically sig-
nificantly different between elution IF and serum (Figure 3C). While many
proteins from the serum and IF spaces overlapped (Figure 3C), 2581
were found to be unique to the IF space, of which 1404 were shared be-
tween the colon and duodenum segments. There was a much greater over-
lap in the identifiable proteins between these two IF groups than with the
serum (Figure 3C). The normalization for these data were based on the
amount of protein in the starting material rather than per volume of IF
or serum. Because the protein concentration in IF is typically lower than
in serum?? and because we measured an equal amount of several peptides
from each matrix in shotgun proteomics experiments, we expect that
there may be a slight over-representation of some proteins in the elution
IF. Nevertheless, proteins which have been documented to be highly abun-
dant in serum, such as albumin (ALB),?* did indeed appear to be significant-
ly higher in serum compared to elution IF (Figure 3B). Notwithstanding this
fact, IF may be a better way to study proteins relevant to Gl health and dis-
ease, which are present or undetectable in serum due to the increased
coverage of proteins from the IF space compared to the serum.
Encouragingly, within the group of proteins which were robustly identifi-
able from the IF, there were some candidates such as galectin-3
(LGALSS3; Figure 3D)** that have a known biological function in the Gl tract.
Antimicrobial peptides such as o-defensins (DEFA) are produced by
Paneth cells. As expected, the DEFA cluster 6/9/11/15/24 was significantly
enriched in mouse duodenal IF (Figure 3E). In line with this, ALDOB was
also significantly enriched in the duodenum (Figure 3F) as in the native
rat IF (Figure 1F). Next, we demonstrated that the elution method can de-
tect SCFA (C3 and C4) in colonic IF (Figure 3G and H'). Of note, colonic and
cecal C3 levels were 150- and 280-fold higher, respectively compared to
plasma. For C4, the respective fold change was even more pronounced
(200 and 900-fold). These concentrations are based on the assumption
that the substances are distributed throughout the entire fluid phase (total
tissue water) of 0.79 mL/g tissue. However, if they distribute only or par-
tially in the IF phase of 0.1-0.2 mg/g tissue, which is a reasonable assump-
tion, their concentration will be several times higher. The same reasoning
applies to eluted human samples (see below).

Next, we sought to confirm that the elution-based method recapitu-
lated the signature observed with the centrifugation method. For these ex-
periments, we used the SD rat model, as the larger Gl tissue was suitable
for direct comparisons between the two methods. Indeed, REG3G and
ALDOB obtained by the elution method (Figure 4A and B;
Supplementary material online, Table $2) showed a similar pattern in colon-
ic IF as in the native IF of the centrifugation method (Figure 1E and F,
Supplementary material online, Table S2), with significantly lower abun-
dance compared to small intestinal segments of rats. Similarly, IF concen-
tration of IL-18 was significantly higher in the colon using both the
centrifugation and elution methods (Figures 4D and 1G; Supplementary
material online, Table S2). Additionally, LGALS3 and ALDOB were regu-
lated in the rat elution IF (Figure 4B and C; Supplementary material
online, Table S2) similar to what was shown in mice (Figure 6D and F, re-
spectively). Mass spectrometry analyses of rat IF isolated by the elution
method also confirmed the pattern of SCFA (propionate C3 and butyrate
C4; Figure 4E and F) observed in the native IF collected by the centrifuga-
tion method. A significant source of propionate involves conversion of
dietary fibre via the succinate pathway and the methylmalonyl-CoA de-
carboxylase expressed in species of the Bacteroidetes. qPCR analyses
show that Bacteroidetes (see Supplementary material online, Figure S3A)
is a highly abundant phylum in the mouse colon and much less represented

in the other gut sections. Furthermore, the mmdA enzyme (see
Supplementary material online, Figure S3B) was only detectable by qPCR
in the content of the colon and not in any other gut sections.

Given the high sensitivity of the proteomics method used, head-to-head
comparison of the two methods initially revealed apparent method-
specific clustering (data not shown). After independent z-scoring within
the centrifugation and elution methods, a selection of inflammatory re-
sponse and immune response annotations (a total of 285 proteins) from
the rat Uniprot database is shown by principal component analysis
(PCA,; Figure 4G) and Pearson’s correlation (Figure 4H). The overall prote-
omic signature showed a similar congruence between segments (data not
shown). Segments from the small intestine overlapped to some extent,
whereas the colon clustered independently from the rest of the Gl tract.
The correlation between segments across methods was much higher
than between all segments within a given method (Figure 4G). Of note,
the segment with the lowest correlation between the two methods was
the ileum (Figure 4H). While the ileum correlated with the duodenum in
the centrifugation method, the ileal segment correlated better with the je-
junum in the elution method the ileal segment (Figure 4H). This may be due
to slight differences in the excised segment, as small intestinal sub-regions
are difficult to grossly differentiate without histologic analysis.

We proceeded to investigate the potential of the method to detect
pathophysiological changes. Lipopolysaccharide (LPS) injections are com-
monly used to induce a local and systemic inflammatory response in rats.
We hypothesized that a LPS challenge would induce a spatial cytokine re-
sponse in the different segments of the gut, which would be more pro-
nounced than in the circulation. LPS injections resulted in a significant
increase in IL-1B, IL-6, and TNF-a production in the small and large intes-
tine compared to sham injections (Figure 5A—C). LPS injection also signifi-
cantly increased cytokines in the systemic circulation (see Supplementary
material online, Figure S4). Notably, LPS-induced intestinal IL-1f levels
were significantly higher compared to the systemic circulation
(Figure 5D), suggesting local synthesis. In contrast, LPS administration re-
sulted in increased production of both intestinal and non-intestinal IL-6
and TNF-a, accompanied by elevated circulating cytokine levels
(Figure 5E and F). In contrast to the LPS sepsis model, hypertensive CVD
is rather characterized by low-grade inflammation. As expected, deoxycor-
ticosterone (DOCA)-salt treated rats had approximately one order of
magnitude lower intestinal IL-1B levels compared to LPS-treated rats.
While rats treated with DOCA-salt exhibited no differences in colonic
(Figure 5G) and ileal IL-1p (Figure 5H) levels compared to controls, the le-
vels in the duodenum were significantly increased (Figure 5/). There was no
evidence of intestinal oedema in LPS-challenged and DOCA-treated ani-
mals, as evidenced by a comparable wet-to-dry ratio of intestinal segments
in the control and experimental groups (data not shown). The collective
findings of these experiments indicate that substances produced locally
and released into the IF may enter the general circulation and influence
pathological processes in other organs.

3.4 Tissue elution for IF isolation can be

translated for use in humans

Having established the isolation of IF in rodents, we turned our attention to
translating the procedure to human samples. Phenotyping of the human in-
testinal interstitium is of interest in diseases such as inflammatory bowel
disease (IBD), as this is the central compartment of disease activity. To
the best of our knowledge, IF phenotyping has not been done performed
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Figure 3 The serum and elution IF proteomes are unique in C57BL/6j mice. Eluate samples (colon and duodenum) from C57BL/6) mice were analysed by
shotgun proteomics and compared to serum samples (n = 4 for each condition) for (A—C). Elution IF was collected after 4 h in a mannitol-based buffer solution.
The Mouse Uniprot database 2019 was used for data curation. (A) The total number of protein IDs found in individual samples from the colon, duodenum, and
serum. (B) Proteins which were found to be significantly different from eluate samples compared to the serum. The actual -logyo transformed P-values and the
log, 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 (C). A given protein had to
have 100% valid values within at least one group to be included in the comparisons for both (B and C). The Venn diagram was generated using the Venny tool
(bioinfogp.cnb.csic.es/tools/venny/index.html). A separate experiment with n =3 C57BL/6) mice and two segments per anatomical segment (n = 6 total) was
analysed using shotgun proteomics for (D and E). Elution IF was collected after 2 h in a mannitol-based solution. (D and E) Known proteins of importance in the
Gl tract were detectable in elution IF. The log, transformed LFQ intensity values for individual proteins LGALS3 (D), the a-defensin (DEFA) cluster 6/9/11/15/
24 (E), and ALDOB (F) are shown. For (G and H), samples from C57BL/6) mice (n = 6) were eluted for 2 h in a saline-based buffer solution for measurement of
SCFA by GC-MS. (G) Propionate (C3) and butyrate (H) levels in IF from different segments of the mouse Gl tract compared to plasma. Significance was tested
using a paired two-tailed t-test for (D and E) and Wilcoxon for (F) and an one-way ordinary ANOVA with Tukey’s multiple comparison test for (A, G, and H).
*P <0.05, *¥*P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 4 Gl-related proteins, cytokines, and SCFA expected in IF are similarly enriched in various Gl segments in both the elution and centrifugation meth-
ods. Centrifugation and elution IF were collected in tandem from SD rats (n = 6). Samples were eluted in saline buffer for 2 h. (A-D) Selected candidates
(REG3G, ALDOB, LGALSS3, and IL-18) were analysed by mass spectrometry in rat IF isolated by the elution method. (E and F) Propionate (C3) and butyrate
(C4) levels measured by GC-MS from IF isolated by the elution method. Independent z-scoring was performed within the centrifugation and elution methods,
and only proteins, which appeared with 100% valid values for at least one segment in both methods were included in the data shown in (G and H, n=5).
Selection of inflammatory response and immune response annotations (285 proteins) from the rat Uniprot database is shown by (G) PCA and (H)
Pearson’s correlation. Pearson’s correlation of selected extracellular space and secreted proteins (354 proteins) from the rat Uniprot database is shown
in (H). In (G), the point fill indicates the method, and the point colour indicates the segment of origin (colon, ileum, jejunum, or duodenum). In (H), the
mean Pearson’s correlation is shown for segments within and between methods. Significance for (A-D) was tested by ordinary one-way ANOVA with
Tukey’s multiple comparison test. For (E and F) Kruskal-Wallis test corrected for multiple comparison by controlling FDR (Benjamini, Krieger, Yekutieli)
*P < 0.05, *¥%P < 0.01, ***P < 0.001, ****P < 0.0001 (n =5-7).
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Figure 5 Cytokine levels in intestinal IF samples after LPS or DOCA-salt treatment. IL-1B (A), IL-6 (B), and TNF-a (C) levels of IF were significantly increased
in colon, ileum, and duodenum of LPS-treated Sprague—Dawley (SD) rat (n = 4-6 per segment). (D—F) Respective IF cytokine levels were compared with plas-
ma samples collected at the same time point. While IL-1f3 was increased compared to plasma, IL-6, and TNF-o were significantly higher in plasma compared to
IF. (G-I) SD rats were implanted with a subcutaneous DOCA tablet in combination with 1% saline to drink for 6 weeks (n = 6) and compared with sham
control SD rats (n = 4). IF was collected with the elution method and cytokines were measured by multiplex cytokine assays. Data were examined for outliers
using the ROUT outlier test. Outliers were removed when appropriate. Data in (A and C) were tested using ordinary one-way ANOVA with Tukey’s multiple
comparison test with Kruskal-Wallis test and for (B) with Brown—Forsythe and Welch ANOVA test. (D—F) was corrected for multiple comparisons by con-
trolling FDR (Benjamini, Krieger, Yekutieli). Significance for (D and G) was tested using a two-tailed Mann—Whitney U test and in (E, F, H, and /) using a two-

tailed unpaired t-test.

in the context of IBD. Ideally, a method for isolation and analysis of human
intestinal IF would be implementable into clinical routine and, at best, into
treatment decisions. We therefore aimed to isolate IF from human intes-
tinal mucosa biopsies obtained during colonoscopy. Of note, a

colonoscopy is preceded by a routine, standardized bowel cleansing.
Routine clinical human mucosal biopsies weigh an average of 9 mg, which
is < 10% of the weight of rodent biopsies. Because of these very small
weights, we decided to use the elution method. In this pilot study, we
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Figure 6 Distinct proteomes and cytokine signature in colon and ileum elution IF samples from healthy human donors and IBD patients. (A) The schematic of
the human Gl tract shows the location of the colon and ileum biopsy sites (dashed circles). The number of HDs (n = 4), patients with active UC (n = 2) or active
CD (n=1) included in the study is indicated. Part of the panel (A) was drawn with Servier Medical Art by Servier, licensed under a Creative Commons
Attribution 3.0 Unported License. (B—G, I) Elution IF samples (colon and ileum) from healthy donors and diseased patients were analysed by label-free pro-
teomics. Elution IF was collected in an isotonic sodium chloride solution for 2 h. (B) PCA of the IF from gut compartments of the colon and ileum of healthy
donors based on 5967 proteins after data filtering. The second and third PCs represent a cumulative variance of 33.1% and separate the data sets by com-
partment. Two technical replicates per donor per compartment are shown, and the data were scaled and centred for PCA analysis. (C) Differentially regulated
proteins between healthy colon and ileum samples. Each dot represents a unique protein ID plotted based on the effect size estimate and adjusted P-value
between colon and ileum samples. Dots represent significant P-values tested with a paired t-test and a BH-FDR correction of 5%. Proteins relevant to the
Gl tract are highlighted. Comparison of selected candidates (REG3A, DEFA5, DEFA6, and ALDOB) in colonic and terminal ileal IF of healthy donors
(D-G) and IBD patients (I and ) determined by performed label-free proteomics (D—I) or multiplex cytokine assays (/). (H) Propionate (C3) levels in colonic,
ileal IF of healthy donors compared to plasma. Significance for (D—-G) was tested using a two-tailed Welch’s paired t-test corrected for multiple comparisons by
controlling for FDR (Benjamini, Krieger, Yekutieli). For (H) Kruskal-Wallis test corrected for multiple comparison by controlling FDR (Benjamini, Krieger,

Yekutieli) *P < 0.05, #*P < 0.001, ***P < 0.0001.
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enrolled two patients with ulcerative colitis (UC) and one patient with
Crohn’s disease (CD). Furthermore, four patients undergoing surveillance
colonoscopy served as healthy controls (HD). As shown in Figure 6A, we
obtained mucosal biopsies from the highly inflamed descending colon
and the terminal ileum of two patients with UC. The patient with CD pre-
sented with a severe segmental inflammation of the colon. During colon-
oscopy of this patient, we were able to obtain biopsies from the
inflamed colon, but not from the ileum. In addition to obtaining intestinal
biopsies, we drew blood to obtain paired serum samples.

First, we performed label-free proteomics and identified protein IDs
ranging from 5697 to 5897 in human colon IF samples and from 5414 to
5696 in human ileum IF samples. When we compared the proteome of co-
lonic IF samples to that of ileal IF samples from healthy donors (HDs; see
Supplementary material online, Table S3), we found a clear separation be-
tween the two anatomical sites (Figure 6B). Colonic IF samples showed a
high similarity between HDs, whereas ileal IF samples showed a higher vari-
ance (Figure 5B). A total of 5967 unique protein IDs were detected in all
elution IF samples from healthy human donors (Figure 6C). Among these,
319 protein IDs were significantly different between the two studied intes-
tinal sites, including several proteins known to be relevant for human Gl
tract health such as REG3A, DEFAS5, DEFA6, and ALDOB (Figure 6C). As
expected from the anatomical origin, antimicrobial proteins were signifi-
cantly more abundant in ileal than in colonic IF (Figure 6D-G).

In humans, as in rodents, the terminal ileum also contains
SCFA-producing microbes.®® Therefore, it was not surprising that we de-
tected propionate (C3) in the IF of both anatomical sites. Propionate levels
in IF were more than 20-fold higher than in plasma (Figure 6H). Despite the
cleansing procedure preceding the colonoscopy, the detected plasma le-
vels for both propionate and butyrate (data not shown) were in a similar
range compared to previous studies.>® However, we were only able to de-
tect propionate, but not butyrate in our eluted fluids (data not shown).
Butyrate is also metabolized by colonocytes, which may be one reason
for the lack of detection on addition to the effect of the bowel cleansing
prior to endoscopic examination.

Shotgun proteomics (see Supplementary material online, Table S3)
showed increased levels of ST00A8 and S100A9 in IF from IBD patients,
which as a heterodimer represent calprotectin (Figure 6/). Serum amyloid
A, a robust biomarker of colorectal inflammation in UC patients, was also
elevated in IF from IBD patients compared to HDs (Figure 6/). IBD patients
had increased levels of defensin alpha 5 and 6 (DEFAS and 6), microbicidal
and cytotoxic peptides involved in the defence against bacteria and viruses,
which are also prognostic markers for colorectal cancer (Figure 6l).
Moreover, ALDOB, a protein known to enhance fructose metabolism
and provide fuel during tumour cell proliferation was increased in colonic
IF from IBD patients but showed no difference compared with HD in ileal
IF (Figure 6l). Of note, despite having the same underlying active disease,
each of the two UC patients had a distinct signature in their colonic IF
(Figure 6l). The colonic IF signature for each patient was also distinct
from the corresponding paired plasma sample (Figure 6J). This demon-
strates that analysis of peripheral blood samples does not reflect the in-
flammatory microenvironmental signature present at the site-of-action.
While UC1 had increased IL-1a and B, IL-2, IL-4, IL-5, IL-6, IL-8, and
TNFa and 8, GM-CSF in the colon, the second UC patient (UC2) had in-
creased IL-17 levels (Figure 6/). Furthermore, our CD case showed a unique
TH1-like profile which was different from the UC patients, as well as a
slight induction of IL-2 and IL-4 in the colonic IF (Figure 6J). Anti-TNFa ther-
apy is one treatment option in both UC and CD. Plasma TNFa levels in
UC1 and UC2 were 2.8 and 2.1 pg/mL, respectively. However, in colonic
IF, TNFa levels were increased 456-fold in UC1 and 40-fold in UC2 com-
pared to plasma. While UC1 also showed 23-fold elevated ileal TNFa le-
vels, UC2 was only 2-fold increase compared to plasma (data not
shown). It is tempting to speculate whether the differences in TNFa levels
within the tissue could help predict the success of anti-TNFa therapy in
these patients. Taken together, spatial analysis of intestinal IF may hold
promise regarding selection and prediction of therapy.

4. Discussion

The body’s mucosal barriers, which separate the external environment
from the internal tissues, play a critical role in maintaining host health.
These selectively permeable barriers allow the entry of certain nutrients,
solutes, and metabolites, which can interact and influence host (patho)-
physiology. However, accessing the tissue microenvironment within the
Gl tract is challenging. IF representing the microenvironment within the tis-
sue, can provide unique information about cellular processes that cannot
be obtained from other fluid sources, particularly plasma. Because such
fluid may not be readily available, several approaches have been applied
to access the tissue microenvironment.”> Here, we have introduced and
validated two approaches to access the IF within the Gl tract: tissue centri-
fugation and elution. We show that each of these methods can be used to
understand cellular processes occurring in different segments of the intes-
tinal mucosa and have succeeded in translating the IF collection method
from rodents to humans. As use cases, we studied two experimental (car-
dio)vascular interventions, an LPS sepsis model and DOCA-salt, and more-
over compared IBD patients during an acute flare with healthy controls to
provide proof-of-principle data on the utility of our approach. Our experi-
mental data after LPS or DOCA-salt treatment show an intestinal site-
specific IL-1p production, which subsequently affect non-intestinal target
organs via the circulation. Furthermore, we observed a personalized cyto-
kine signature in colonic IF for all of our IBD patients, which we would have
missed using plasma phenotyping. Taken together, these methods of IF col-
lection have important implications for the study of the Gl microenviron-
ment and may be useful in identifying novel modulators of the
microbiome-immune interface.

Sampling of IF within the tissue can be challenging regardless of the
site-of-interest. When sampling is possible, prenodal lymph is likely to be
the best representative of native IF, allowing assessment of the absolute
concentration, which is important in determining the origin of the fluid®®
(see below). Such fluid has recently been collected from specific anatomical
sites in mice and rats.’” The sampling procedure was very laborious and
resulted in ~1 pL lymph after four to five individual cannulations per
mouse. Clearly, this technique is not suitable for regular use with animal
models or translatable to humans given that the fluid yield was extremely
low, and the procedure is invasive and very labour intensive.

Tissue centrifugation and elution are alternative methods when preno-
dal lymph is not available. A major advantage with the centrifugation meth-
od is that native IF is isolated, allowing for direct quantification of
mediators. Tissue elution is advantageous in that the method can be ap-
plied in situations where the amount of tissue is limited, as shown here
for human intestinal mucosa biopsies. A major advantage to both techni-
ques is that individual tissues can be sampled and used for analysis without
pooling. The centrifugation technique was originally developed for IF isola-
tion from rat tumours and skin,”’ and although it has subsequently been
applied to other organs (for review see23) to our knowledge the method
has not been evaluated for IF isolation in the gut. We have previously con-
cluded that if the method can be validated for an organ/tissue, the centri-
fugation method can be considered a reference method for native IF
isolation and to determine local production of substances.”> Depending
on the intestinal segment, these tracer experiments showed that intracel-
lular fluid contributed to ~10-40% of the isolated fluid (Figure 1D).

The amount of IF that can be collected from each sample is partially re-
lated to the size of the initial tissue segment. Therefore, the centrifugation
technique has limitations when used with small tissue segments (mouse, hu-
man biopsies). Prospectively, however, it should be possible to obtain a lar-
ger tissue sample from resected intestinal tissue obtained during surgery,
e.g. in patients suffering with IBD or intestinal malignancies. For small biop-
sies from colonoscopies, we have also explored the use of tissue elution for
isolation of intestinal IF. This versatile technique was originally developed to
isolate potential biomarker proteins from the interstitium of tumours.>® As
discussed previously,32 the tissue preparation by sectioning described in
some elution methods may result in the addition of intracellular fluid to
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the eluate, thereby making it difficult to differentiate between interstitial and
cellular origin of the assayed substances, a potential effect that was counter-
acted here by not sectioning the individual intestinal samples but leaving
them otherwise intact in the buffer solution. The fact that the sample is
added to a buffer during the elution procedure may pose a particular chal-
lenge when the exact concentration is required to determine whether a
substance is produced locally, i.e. is an inherent part of the microenviron-
ment, or is delivered to the tissue via the circulation.’” However, this limi-
tation can be overcome by back-calculation after careful consideration of
dilution factors. Nevertheless, we have been able to show consistent results
from elution and centrifugation experiments performed in rats and mice.
Importantly, however, the proteomic database used for analysis was fo-
cused on host-specific proteins. Analysis of microbial proteins may have
told a different story. Taken together, the centrifugation and elution meth-
ods have their inherent limitations but complement each other in providing
access to the intestinal IF phase and microenvironment.

Differences in the anatomy, physiology, and biochemistry of the prox-
imal and distal colon contribute to their specialized roles in digestion, ab-
sorption, and waste processing. On the one hand, the proximal colon
appears to be more active in nutrient and water absorption as well as fer-
mentation of SCFA or ethanol, whereas the distal colon is more involved in
protein fermentation, the storage and final processing of faecal matter. On
the other hand, patients with UC present with different local spread of the

inflammation. The inflammation starts in the rectum and progresses to the
descending and ascending colon, depending on the severity of the disease.
Studies have shown that the interactions between immune cells and the
microbiome within the Gl epithelium, directly or mediated by microbial by-
products, have broader implications for the host immune system in health
and disease.>” 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 content of the intestinal mucosa IF, with the
notable exception discussed above,” has been largely ignored.
Interactions between humans and their intestinal inhabitants often focus
on correlating phenotypic changes in the host with microbial or metabolo-
mic signatures in faeces, which often contain a variety of undigested food
residues.*? Others have also recognized the need for alternative methods
to re-evaluate the microbiome in the context of its site-specific interac-
tions with the host. Indeed, Zmora et al. demonstrated that the micro-
biome of faecal pellets is only partially representative of the contents
captured by site-specific sampling of the Gl tract.*® In a proof-of-principle
study, De la Paz et al. demonstrated that an ingestible biosensing system
can be used for in situ monitoring of the Gl tract in a porcine model,
with the goal of monitoring site-specific host-microbiome interactions in
future.** Alternatively, the capture of IF within the Gl tract may aid in
our understanding of how uptake of certain molecules into the host tissue
microenvironment can impact health and disease.

Translational perspective

More than 2000 years ago, Hippocrates claimed that ‘all disease begins in the gut’. The ability to collect IF from tiny human intestinal biopsies
and directly measure the microenvironment at the site-of-action, where microbes and mucosal immune cells reside, will overcome the limitations
of indirect stool sample analysis. Our pilot proof-of-principle cytokine data pinpoint the individualized inflammatory signatures within the tissues
of IBD patients. Large studies such as the CANTOS trial* in patients at risk for CVD with thousands of patients with high hsCRP have shown
that anti-IL-1 treatment improves cardiovascular outcomes. Several aspects of the CANTOS trial inform our current work. The
hsCRP-IL-1b-inflammasome axis was critical for a successful cardiovascular outcome, although large numbers of patients were needed to demonstrate
benefit. Anti-inflammatory treatment was effective only in a subset of patients at risk for CVD, although identification of specific risk indicators may
help to reduce treatment failures. To eventually provide patients with personalized medicine, we need to be able to identify which patients would
benefit from targeted interventions. Given that our new approach can be used to identify patients with unique cytokine profiles, targeted recruitment
could improve the efficacy of interventions and reduce the number needed to treat. Since the diversity of presentations and drivers of IBD flares pre-
sents a challenge, we suspect that the IF isolation from the Gl tract may help us to overcome, supporting the concept of personalized medicine.

5. Limitations

Above, we have discussed the limitations of the centrifugation and elution
methods per se. In addition, our study was intended to be a methodo-
logical proof-of-principle and feasibility study, not a clinical trial.
Therefore, we analysed only three IBD patients and four healthy controls
as use cases. For a more comprehensive understanding of the mucosal
microenvironment, larger clinical studies are needed, which we have re-
cently initiated (InFlame study; DRKS00031203). The small size of a bi-
opsy of only about 9 mg made it impossible to obtain native fluids with
the centrifugation method and forced us to use the elution method,
which allows only indirect quantification. The procedure for obtaining
human intestinal biopsies also has some limitations. Routinely, a bowel
lavage is performed prior to the clinical colonoscopy. Thus, absolute
levels of certain microbial-derived metabolites such as SCFA that are de-
pendent on a dietary substrate, may be affected by a potential lack of con-
tinuous substrate supply due to the bowel cleansing. However, we expect
that the confounding procedure would be systematic in all study
participants.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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