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Abstract

Dietary fiber has been consistently associated with a decreased risk of colorectal cancer
development. While the apoptotic effect of dietary fiber microbial fermentation products such as short
chain fatty acids on tumor colonocytes is well established, the role of these products on other components
of the tumor microenvironment remains unexplored. Tumor associated macrophages play a critical role
in tumor development in colorectal cancer; however, the effect of dietary fiber fermentation by microbiota
on the interaction between macrophages and colonocytes in the colorectal cancer microenvironment has
been difficult to dissect due to a lack of in vitro models of colorectal cancer containing immune cells,
colonocytes, and microbiota. Recently, we developed a microfluidic model that facilitates the coculture
of colorectal cancer spheroids with complex microbial communities. Here, we expand our model to
include macrophages and employ it to study the impact of dietary fiber on macrophage-colonocyte
interaction. We optimized monocyte differentiation parameters in vitro and demonstrated the capacity of
our model to recapitulate changes in microbiota composition and metabolic output associated with dietary
fiber administration in vivo. Coculture of colonocytes with microbiota and macrophages revealed that
alterations in microbial production of short chain fatty acids derived from dietary fiber fermentation

correlated with decreased colonocyte viability, possibly mediated by an increase in production of tumor
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pro-apoptotic cytokines by macrophages. Our work highlights the capacity of microfluidic in vitro models
to study the role of microbial metabolism of dietary molecules on colorectal cancer colonocyte viability

in the presence of macrophages.

Introduction

Dietary fiber consumption has been extensively associated with lower risk of colorectal cancer
(CRC) in humans(1). A causative link between consumption dietary fiber in the form of inulin and
decreased incidence of aberrant crypt foci and tumor formation in mice has also been reported(2).
Mechanistically, dietary fiber is metabolized by the colonic microbiota, which increases the abundance of
fermentative bacteria and the production of short-chain fatty acids (SCFA) such as butyrate, propionate,
and acetate(3—5). The capacity of these metabolites to induce apoptosis in colonocyte via mechanisms
such as histone deacetylase inhibition is well established(6—11). For these reasons, prebiotic intervention

with dietary fiber has been proposed as a preventive strategy against CRC(12).

The colorectal tumor microenvironment contains multiple types of immune cells that significantly
impact tumor development and progression(13). Tumor-associated macrophages (TAMs) are abundant in
carcinomas(14,15), where they exhibit either tumor supportive activity by favoring cancer cell
proliferation(16,17) and migration(18-20), or tumor-suppressive activity by inducing tumor cell apoptosis
via signals such as Tumor Necrosis Factor a (TNF-a)(21) and TRAIL(22). The activity of TAM is
influenced by host-derived molecules present in the tumor microenvironment such as cytokines,

chemokines, non-coding RNA, and oncoproteins(23,24).

In the colon, the microbiota and its metabolites have also been shown to modulate the activity of
macrophages. Experiments in germ-free mice have shown that the microbiota regulates macrophage
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recruitment and replenishment after the onset of inflammation, possibly via induction of chemokine
production in colonocytes(25). Several pathogens associated with CRC, including Fusobacterium
nucleatum, Streptococcus gallolyticus, and Enterococcus faecalis, promote a proinflammatory and
immunosuppressive microenvironment by targeting macrophages(26). In terms of bacterial metabolites,
lipopolysaccharide is a potent inducer of proinflammatory (M1-like) polarization in macrophages(27),
while the SCFA butyrate promotes anti-inflammatory (M2-like) polarization in macrophages while
boosting their phagocytic activity(28,29). Despite the high abundance of TAMs in tumors and the
modulation of macrophage activity by microbiota, the effect of dietary fiber-induced changes in

microbiota composition and function on TAM activity in CRC is not fully understood.

Intestinal and microfluidic models that facilitate the study of host-microbiota interactions, such as
the gut-on-a-chip and HuMiX, have been successfully employed to gain insight into the effect of probiotics
and prebiotics on epithelial physiology(30-32). However, the interplay among dietary molecules,
microbiota and immune cells in the context of CRC remains unexplored. Previously, we developed a
microfluidic device to study the interaction between HCT116 CRC colonocyte spheroids and murine
colonic microbiota(33). Here, we expand the physiological relevance of this model by co-culturing a
colonic microbial community with monocyte-derived macrophages with colonocytes in spheroids. We
hypothesize that inulin fermentation by colonic microbiota impacts colonocyte viability in a macrophage-
dependent manner. We use metabolomics, metagenomics, and protein and gene expression analysis to
dissect the tripartite interaction between inulin, microbiota, and macrophages in our expanded CRC tumor
microenvironment model. Our results contribute to our understanding of the effect of diet on host-
microbiota interactions in the context of colorectal cancer and demonstrate the usefulness of

physiologically relevant in vitro models to study these interactions.
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Results

Inclusion of macrophages in an in vitro coculture model of CRC colonocyte-microbiota

To expand the physiological relevance of our previously developed colonocyte spheroid-
microbiota coculture model(33), we incorporated macrophages derived from the monocyte cell line THP-
1 into spheroids. It is well-established that in vitro differentiation of THP-1 cells with PMA results in a
macrophage-like phenotype, but the PMA concentration and treatment time widely vary among studies
and significantly impact differentiation success(34—36). Therefore, we first optimized PMA concentration
and treatment time to maximize the development of macrophages and the expression of the macrophage
surface marker Cluster of Differentiation 11b (CD11b). While THP-1 monocytes in culture are globular
and remain in suspension, treatment of THP-1 cells with PMA resulted in cell attachment to the bottom
of the culture plate with changes in both cell size and morphology (FigurelA). After PMA treatment for
24 h, the attached cells were circular in shape and displayed increased granularity under phase-contrast
microscopy. As the treatment time increased beyond 48 h, cells became elongated at PMA concentrations
greater than 50 ng/mL, while cells treated with lower concentrations remained globular and loosely
attached. CD11b expression increased with treatment time and was maximum after 72 h of treatment with
a PMA concentration of 50 ng/mL, as assessed by flow cytometry. Minimal differences in cell morphology
were observed with higher PMA concentrations for the same duration of PMA stimulation (Figure 1A).
Under these conditions, the mean fluorescence intensity in PMA-treated cells (indicative of Cd11b levels)
increased 75% compared to untreated cells (Figure 1B, C). In addition, gene expression analysis revealed
a significant upregulation in the transcription of genes related to monocyte differentiation and macrophage

activity, including CD40, CD44, CD80, TNF-a, CD206, and CD163 (Figure S1). Therefore, treatment
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with a PMA concentration of 50 ng/mL for 72 h was selected to induce THP-1 differentiation in all

subsequent microfluidic device experiments.
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Figure 1 Optimization of PMA treatment for THP-1 monocyte differentiation.

A) Morphology of THP-1 cells after treatment with PMA in well plate. Boxed number indicates
percentage of CD11b+ cells. Scale bar = 100 um. B) Representative histograms of PMA-treated THP-1
cells stained with a fluorescently labelled CD11b antibody, and unstained control to account for
background fluorescence. C) Mean Fluorescent Intensity (MFI) of stained THP-1 “monocytes” (untreated)
and “macrophages” (PMA-treated, 50ng/mL for 3 days). * p-value <0.05, n=3. Error bars represent SEM.
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After optimizing THP-1 differentiation conditions, we cocultured HCT116 colonocytes and THP-
1 cells in our previously developed model of colonocyte-microbiota interactions in colorectal cancer(33).
In this model, colorectal cancer spheroids and colonic microbiota are cultured in separate, continuously
perfused compartments and exchange secreted metabolites through a porous membrane (Figure 2A-C).
To include macrophages in this model, a 1:1 suspension of THP-1 monocytes and HCT116 colonocytes
in Matrigel was injected in the mammalian cell culture chamber on day 0 and perfused with media
containing the optimized PMA concentration for 3 days to foster monocyte polarization during colonocyte
spheroid formation before coculture with microbiota and/or treatment with inulin (Figure 2D). Treatment
with PMA during co-culture with HCT116 cells resulted in a significant increase in the expression of
CD11b in THP-1 cells, with 60% of cells becoming positive and a 2.5-fold increase in MFI compared to
untreated THP-1 monocytes in flask cultures (Figure 2E, F). To better understand the contribution of
different factors to CD11b overexpression, we exposed Matrigel-embedded THP-1 cells to HCT116 in
co-culture, PMA treatment, or combinatorial treatment, using transwell inserts (Figure S2A). Gene
expression analysis revealed that both HCT116 alone and PMA alone increased the transcription of
CD11b in THP-1 cells, while combinatorial treatment resulted in the highest expression levels (Figure
S2B). These results confirmed the differentiation of THP-1 cells into a macrophage-like phenotype in the

microfluidic coculture model.
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Figure 2 Microfluidic device design and operation.
A) Top and B) cross-sectional views highlighting media channels and culture chambers. Scale bar =1 cm.
C) Schematic representation of device cocultures. Confined bacterial, colonocyte and macrophage
populations interact via small molecules during perfusion of fecal PBS (fPBS) through the top channel
and growth media (RPMI) through the bottom channel. D) Experimental schedule of device coculture. E)
Dot-plot of HCT116 — THP-1 cells after device coculture. THP-1 cells were loaded with CellTracker
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Green dye prior to coculture. The CD11b positivity threshold was defined based on unstained control. F)
Percentage of CD11b+ THP-1 monocytes (control) and THP-1 cells after treatment with PMA during
device coculture. * p-value < 0.05, n=3. Error bars represent SEM.

Inulin induces changes in microbiota abundance and function

To validate the use of our model to study the impact of dietary fiber on microbiota, we
characterized the effect of inulin treatment on SCFA production and alterations in microbiota composition.
The levels of three SCFAs (acetate, propionate, and butyrate) produced by anaerobic microbiota co-
cultured with HCT116 cells after inulin treatment were analyzed using GC-MS. Treatment with inulin for
12 h resulted in a 95% (from 234 uM to 12 pM) decrease in acetate and a less pronounced decrease of
44% (from 12 uM to 7 uM) in butyrate levels, relative to the untreated controls. On the other hand, a 25%
increase (from 50 uM to 63 M) in propionate levels was observed (Figure 3A), indicating differential
effect of inulin exposure on the production of SCFAs by the microbial community. Inulin treatment also
induced bacterial proliferation, as noticed by a 21% increase in the optical density of the culture at 600

nm (Figure 3B).

Metagenomic (16S rRNA) analysis of the microbiota community after inulin treatment revealed
minimal taxonomic changes in the composition upon treatment with inulin. Regardless of inulin treatment,
the microbiota cultured on chip was dominated by members of the Bacteroides genus (70%), and 24 other
genera commonly associated with gastrointestinal tract microbiota, such as Blautia, Ruminococcus, and
Akkermansia, that were present at a relative abundance higher than 1% (Figure 3C). The B-diversity
analysis shows that while inulin treatment resulted in a significant change in overall microbiota
composition, there was an overlap between ellipses that define a 95% confidence interval around the
centroid of each treatment (Figure 3D). This result is consistent with the small but significant change in

the abundance of members of the community upon treatment with inulin, including Akkermansia (0.45-
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fold), Dysgonomonas (0.88-fold), Oscillospira (0.87-fold), Anaerostipes (1.96-fold), and Lactobacillus
(1.62-fold) (Figure 3E), as well as a 1.2-fold increase in the relative abundance of 6 genera
(Pseudobutyrivibrio, Anaerotruncus, Anaerobranca, Erysipelothrix, Turicibacter, Lachnospira,
Peptoniphilus) that did not reach statistical significance. The largest effect of inulin on microbiota
composition was a 4% increase in the abundance of the genus Bacteroidetes, while the largest change in

relative composition was a 1.96-fold increase in the abundance of the genus Anaerostipes.
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Figure 3 Effect of inulin on microbiota function, abundance, and composition.

A) SCFA concentration in the bacterial culture chamber upon treatment with fPBS supplemented with
2.5% (w/v) inulin. B) Optical density of microbiota extracted from the device after inulin treatment. * p-
value < 0.05, n=3. C) Microbiota composition at the genus level, D) B-diversity analysis, and E) LEfSe
comparison of microbiota after treatment with inulin (2.5% w/v in fPBS) or control (fPBS) on chip.
Percentages in the bars in E) correspond to relative change in the abundance of a genera normalized to
abundance in control, and Abundance (%) corresponds to the composition in the inulin-treated microbiota.
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Inulin enhances macrophage-mediated decrease in colonocyte viability in a microbiota-dependent

manner

To evaluate the impact of inulin on macrophage-microbiota-colonocyte interactions, we cocultured
HCT116 colonocytes with THP-1 macrophages and microbiota for 12 hours (Figure 4A). HCT116
spheroids without THP-1 macrophages, HCT116 spheroids and microbiota without THP-1 macrophages,
and HCT-116, THP-1, and microbiota without inulin were used as controls to assess the impact of each
component on HCT116 cell viability. After device coculture and treatment, cells were extracted from
device and disaggregated into a single cell suspension. The viability of each cell type was assessed
employing a combination of CellTracker Green dye for labelling THP-1 cells and PI staining for labelling
dead cells (Figure 4B). Inulin treatment of microbiota in coculture with HCT116 colonocytes and THP-
1 macrophages resulted in a decrease of 17% in colonocyte viability relative to control treatments without
macrophages, microbiota, or inulin (Figure 4C). In contrast, THP-1 viability remained relatively
unchanged, regardless of the presence of microbiota or treatment with inulin (Figure 4D). The reduction
in colonocyte viability correlated with a 4-fold increase in TNF-a transcription with respect to cocultures
without either microbiota or inulin (Figure 4E), suggesting an effect of inulin metabolism by the

microbiota on pro-inflammatory cytokine production and macrophage-colonocyte interaction.
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Figure 4 Effect of macrophages, inulin, and microbiota on colonocyte viability.

A) Experimental schedule. B) Representative image of multicolor strategy to distinguish viability by cell
type after extraction of cells from microfluidic device. Unstained: viable HCT116 cells. Red: dead
HCT116 cells. Green: viable THP-1 cells. Yellow: dead THP-1 cells (Green + Red). Scale bar = 50 um.
C) HCT116 and D) THP-1 viability upon combinatorial treatment with microbiota and inulin. E)
Associated fold-change in TNF-a transcription in device co-cultures. * p-value < 0.05, n=3. Error bars
represent SEM.

Inulin-derived SCFAs increase the concentration of pro-inflammatory cytokines during THP-1- HCT116

co-culture

To gain deeper understanding of the mechanisms through which microbial fermentation of inulin might
increase macrophage toxicity against cancer cells, HCT116 and THP-1 cells transwell co-cultures were
treated with prepared SCFA mixtures matching the SCFA concentrations measured from inulin-treated

devices co-cultures (“inulin-derived SCFA”), control devices without inulin (“inulin-negative”) , and

12
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monoculture controls, following the same experimental schedule as device co-cultures (Figure SA).
Quantification of culture supernatants for pro-inflammatory cytokines revealed a significant upregulation
of IL-1B, IFN-y, TNF-a, MCP-1, IL-8, IL-12p70 and IL23 after treatment of co-cultures with inulin-
derived SCFA mixture, compared to control (Figure 5B). In addition, the cytokine IL-33, which was
undetectable in control co-cultures, also followed this trend; however, since the levels were below the
limit of detection in control cultures, it was not possible to assign statistical significance. Individual
treatment of each cell type with the SCFA mixtures suggested HCT116 as the cell type likely responsible
for the increased production of MCP-1, IL-23, TNF-a and IL-33, while THP-1 was identified as the likely
producer of IL-1PB and IL12p70 (Figure SB). Interestingly, co-culture of THP-1 macrophages with
HCT116 cells significantly reduced the concentration of the aforementioned cytokines, and treatment with

inulin-derived SCFA mixture partially recovered pro-inflammatory cytokine levels.
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Figure 5 Effect of Inulin-derived SCFA mixture on pro-inflammatory cytokine levels.

A) Experimental design of co-culture and mono-culture treatment with SCFA mixtures. B) Quantified
pro-inflammatory cytokine concentrations. Bold number above bars indicate fold change in cytokine
concentration, normalized to “Inulin-negative SCFA”. * p-value < 0.05, n=3. Error bars represent SEM.

Discussion

Dietary fiber intake significantly correlates with decreased incidence of CRC prospective human
cohort studies(1,37). Administration of inulin to murine CRC models has been shown to result in altered
microbial abundance, changes in microbiota composition, and modulation of SCFA production(2,38). In
our model, inulin treatment significantly increased microbial proliferation and abundance (Figure 3B),
which agrees with the reported increased in cecal weight in mice and rats that has been partly attributed
to increased bacterial abundance(39,40). Inulin treatment also statistically altered the overall composition

of the microbiota, although the impact on the abundance of most genera was not significant (Figure 3C-
14


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00052a

Page 15 of 36 Lab on a Chip

Open Access Article. Published on 11 Waysu 2025. Downloaded on 15/09/2025 2:51:17 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online
DOI: 10.1039/D5LCO0052A

D). Members from the genus Bacteroides, an abundant member of human and murine intestinal microbiota
that outcompetes other inulin fermenters such as Bifidobacteria in vitro(41), were detected in the
microbiota cultured in our model and increased in abundance with inulin treatment. Therefore, the small
impact of inulin on the overall microbiota composition could be a consequence of interspecies competition
dominated by Bacteroidetes (Figure 3E). The abundance of the genera Lactobacillus and Anaerostipes,
reported to increase in individuals upon ingestion of inulin(42—45), also significantly increased in our

model.

Inulin treatment resulted in a significant increase in propionate (Figure 3A), which is the most
consistently reported effect of inulin administration in murine models(46—51). The increase in propionate
concentration also agrees with the high abundance of Bacteroides in the community, as members of this
genus ferment inulin into propionate(52,53). The effect of inulin administration on the levels of acetate in
the colon in vivo have been inconsistent, with at least two studies showing either no effect or a decrease
in abundance(46,48). In our model, inulin treatment resulted in a significant decrease in extracellular
acetate, which might have been caused by the conversion of acetate into acetyl-CoA for fatty acid
biosynthesis and TCA cycle intermediates under low oxygen conditions to support proliferation(54).
While inulin consumption is frequently associated with increased butyrate levels in mice and rats(47—
49,51), a decrease in butyrate was observed in our model. Crucially, inulin and fructose fermenters are
known to produce acetate that is then employed by other species to produce butyrate(55); therefore, the
lack of an increase in butyrate could simply be a consequence of the short treatment time (12 hours)
compared to weeks of inulin feeding in in vivo experiments(46—51). It is also important to highlight that
the response of gastrointestinal microbiota to dietary fiber interventions in vivo is heavily dependent on

initial microbiota composition, which has resulted in significant inter-subject and inter-study
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variability(56—59) and may explain the differences between some our results and other studies. Overall,
our model recapitulated the increase in microbiota abundance and changes in SCFA production induced
by inulin in vivo, which supports its use to study the effect of this dietary fiber on colonic microbiota in
Vitro.

Based on the immunomodulatory activity of the microbiota in the colon and the pivotal role of
macrophages in CRC, we hypothesized that the changes in microbiota induced by inulin impact
macrophage-colonocyte interaction in our coculture model. Our results show a macrophage-dependent
decrease in colonocyte viability upon coculture with microbiota treated with inulin (Figure 4C). This
correlated with an increase in the transcription and secretion of TNF-a in the co-cultures(Figure 4E,
Figure 5B), a proinflammatory cytokine that triggers apoptosis and necrosis in tumor-derived cell
lines(21), including CRC cell lines(60,61). The increase in TNF-a production correlated with a decrease
in acetate and an increase in propionate with inulin-treated device co-cultures (Figure 3A), which agrees
with the reported strong inhibition of TNF-a production by acetate(62).Treatment of THP-1 and HCT116
colonocyte transwell co-cultures with a mixture of SCFA matching the concentrations from inulin-
exposed device cocultures confirmed an increase in the abundance of proinflammatory cytokines (Figure
5B) that have been reported to promote macrophage recruitment and activation (MCP-1, IL-8)(63,64),
phagocytic activity (IL-23)(65,66), and tumor cell apoptotic induction by macrophages (IL-12p70, IFN-y
)(67-69). While these observations might explain the macrophage-dependent decrease in colonocyte
viability upon treatment with inulin, the mechanisms associated with the possible role of these cytokines
in this context require further study.

Importantly, cytokines such as IL-23 and IL-8 can also induce cancer cell proliferation(70,71) in
a matter that might be dependent on the action of multiple immune cells in the tumor

microenvironment(13); therefore, increased model complexity by incorporating additional immune cell
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types such as T- cells will likely improve the physiological relevance and elucidation of underlying
mechanisms. Inulin-induced changes in the abundance of other microbial metabolites that affect pro-
inflammatory cytokine production in macrophages, such as lipopolysaccharide and indole derivatives(72),

may also explain the observed effect of inulin on colonocyte viability, and require further characterization.

A strong association between dietary fiber consumption and lower CRC incidence has been
reported by metanalyses of prospective cohort studies(1,37). The preventive activity of dietary fiber
against colorectal cancer has been attributed to the increased production of total SCFA by microbiota and
its direct proapoptotic effect on colonocytes(73,74). Importantly, a large number of dietary intervention
studies in humans have found little to no effect of inulin ingestion on fecal SCFA concentration(75-80).
Our results suggest that dietary fiber may reduce cancer colonocyte viability via proinflammatory cytokine
production in macrophage and cancer cell co-cultures, even in the context of a decreased total abundance
of SCFA. The microbiota-mediated immunomodulatory activity by inulin proposed here is conceptually
similar to the improved Natural Killer cell cytotoxicity in a rat model of CRC upon inulin administration
(81), as well as the reduction in xenograft tumor growth in mice upon inulin administration via microbiota-
dependent T-cell activation(82). Since both diet and immune cell activity are key factors in CRC, the
mechanisms underlying the potential immunomodulatory effect of dietary fiber on the immune component

of the tumor microenvironment require further study.

The role of macrophages in CRC is controversial(83,84). While in vitro studies have shown that
macrophages induce CRC colonocyte proliferation and migration(16-20), epidemiological studies show
that high macrophage infiltration in CRC tumors is often associated with better prognosis(85).
Importantly, in vitro studies have failed to consider the hypoxic, ECM-rich, three-dimensional

microenvironment of tumor tissue(13), as well as the impact of the microbiota and its products on
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macrophage activity. Our results using a physiologically-relevant microenvironment that contains both
microbiota and dietary molecules show a macrophage-dependent decrease in colonocyte viability in vitro,
more consistent with epidemiological data. We also identified an increase in the abundance of
inflammatory cytokines upon inulin-derived SCFA treatment in a complex macrophage-cancer cell co-
culture, while treatment of monocultures failed to capture these effects. These observations support the
potential of complex in vitro systems and microfluidic technology to study complex host-microbiota

interactions in vitro in a manner that is more relevant than conventional cell culture experiments(86).

Future endeavors on model development and biological characterization are poised to increase the
impact of our findings. Current co-cultures with microbiota last for 12 hours, which is sufficient to observe
significant changes at the transcription and translation levels. However, extended fermentation times of
up to 24 hours might be required to ensure complete inulin consumption and more significant changes in
microbiota composition(87,88). While the changes in microbiota composition upon inulin treatment we
observed are consistent with reported effects of inulin in vivo, a more extended coculture time might be
required to observe more pronounced changes in composition which would better recapitulate the shifts
in composition observed in vivo. The mechanisms of inulin-microbiota-macrophage interaction proposed
here are based on correlation among variables and therefore require further investigation to demonstrate
causality. This could be accomplished by employing selective inhibitors (e.g., against TNF activity)(89),
using synthetic or controlled microbial communities(59), and macrophages with diminished TNF-a
production capacity(90). Further characterization of the microbiota via metabolomics, as well as
macrophages via RNA sequencing and expanded immunotyping, would be useful to identify correlations
between microbial metabolism, macrophage activation, and colonocyte viability. The use of more relevant

sources of macrophages, such as bone-marrow derived monocytes, would also increase the biological

18


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5lc00052a

Page 19 of 36 Lab on a Chip

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 11 Waysu 2025. Downloaded on 15/09/2025 2:51:17 PM.

(cc)

View Article Online
DOI: 10.1039/D5LCO0052A

relevance of future studies(91). Finally, a diverse group of dietary fibers may increase our understanding

of the dynamics of dietary fiber fermentation and changes in microbiota and macrophage activity.

Methods

Mammalian cell culture and reagents

The human colorectal cancer cell line HCT116 (CCL-247) was obtained from ATCC and cultured
in RPMI 1640 medium (Corning) supplemented with 10% FBS (Atlanta Biologicals), GlutaMAX,
HEPES, and NEAA (Gibco). The human monocyte cell line THP-1 was obtained from ATCC and cultured
in RPMI 1640 medium (Corning) supplemented with 10% FBS (Atlanta Biologicals), 1% GlutaMAX, 1%
HEPES, 1% NEAA (Gibco), and 2-mercaptoethanol (Sigma-Aldrich) to a final concentration of 0.05 mM.
THP-1 cultures were maintained at a density between 2x10° and 9x10° cells/mL. For device coculture
experiments, THP-1 cells were labelled with 2 uM CellTracker Green CMFDA (ThermoFischer

Scientific) in serum-free media for 45 minutes.

Optimization of THP-1 differentiation

THP-1 monocytes were differentiated to macrophages with phorbol 12-myristate 13-acetate
(PMA, Sigma-Aldrich). THP-1 differentiation was optimized using ~5x103 cells/mL in a 1 mL culture

tube and treated with PMA to a final concentration of 25, 50, 100 or 200 ng/mL. Cells were incubated at

37°C for 1, 2, or 3 days. To detach PMA-treated THP-1 cells from culture tubes for flow cytometry

analysis, the PMA-containing media was replaced with PBS with 10 mM EDTA, incubated on ice for 15

minutes, and detached by repeated pipetting.

Microfluidic device construction and operation
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Device construction and operation was performed as previously described(33). The device consists
of four PDMS layers separated by three porous polyester membranes (Figure 2A-C). Thin patterned
PDMS layers were obtained by pouring uncured PDMS mix (Sylgard 184®) on a 3D-printed patterned
mold (Stratasys, Inc.) with a total height of 500 um and a pattern height of 160 um, and then the PDMS
was cured for 1 hour at 70 °C. Biopsy punches were used to create culture chambers (D = 5 mm, final
chamber volume of ~10 pL) and open access to the perfusion channels and culture chambers (D = 1 mm).
The device was assembled layer-by-layer using a thin layer of uncured PDMS as glue, and a polyester
membrane was sandwiched between each pair of layers. The device was connected to media reservoirs by
flexible 23-Gauge Tygon® medical tubing (Saint Gobain) using 20-Gauge stainless steel connectors
detached from dispensing needles (Jensen Tools). To minimize the formation of bubbles during operation,
the assembled device was placed underwater and vacuumed to a final pressure of 3x10- mbar for 24
hours; then, the device was autoclaved (121 C, 16 PSIG, 45 minutes) and kept covered in sterile water
during operation. This protocol sterilized the device and prevented bubble formation. The device was held

underwater for the duration of the experiment and only brought out of water for cell injection.

For colonocyte injection, the mammalian culture chambers in the device were seeded with 50%
v/v Matrigel diluted in RPMI medium containing either ~4x10° HCT116 cells/mL or ~2x10° HCT116 and
~2x10° labelled THP-1 cells/mL. After cell seeding, devices were perfused with antibiotic-free RPMI
through the mammalian medium channel, while PBS supplemented with 50 ng/mL of PMA was perfused
through the bacterial chamber. On day 4 of culture, the bacterial chamber media was replaced with PMA-
free PBS, and devices were transferred and operated in an anaerobic chamber for 24 hours. On day 5,
murine fecal microbiota was obtained from freshly-voided fecal pellets obtained from 8 to 12 weeks-old

wild-type C57BL/6 female mice fed a standard chow diet and processed as previously described to isolate
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microbiota and prepare fecal PBS (fPBS)(33). The fecal slurry containing microbiota was introduced into
the bacterial chamber, and the PBS in the bacterial medium reservoir was replaced with sterile-filtered
fPBS or fPBS supplemented with inulin at a concentration of 2.5% (w/v) (Spectrum Chemical). Cocultures

proceeded for 12 hours.

For sample collection, the microbiota in the bacterial culture chamber was collected by pipetting,
to a final volume of ~10 uL per chamber. Bacteria were pelleted by centrifugation at 10000g for 10
minutes. The supernatant was used for SCFA analysis by GC-MS while the bacterial pellet was
resuspended in 500 uL of PBS, the ODg( noted, and centrifuged (10000g, 10 minutes) to obtain a bacterial
cell pellet. All pellets were stored at -80 °C until further processing. Next, the mammalian hydrogels were
recovered by carefully disassembling the device with a scalpel. For flow cytometry and viability analysis,
the mammalian hydrogels were placed on ice in PBS with 10 mM EDTA for 15 minutes and disaggregated
by repeated pipetting to obtain single cell suspensions. For gene expression analysis, hydrogels were

directly lysed on cell lysis buffer (RLT buffer, QIAGEN) and stored at -80°C until further processing.

Immunostaining and flow cytometry

For immunostaining, Fc blocking was performed using human IgG (Sigma-Aldrich) at a
concentration of 4 pg/10° cells for 15 minutes at room temperature. Cells were stained with Human
CD11b/Integrin alpha M Alexa Fluor® 405-conjugated Antibody (R&D Systems) at a concentration of 1
ug/10° cells according to manufacturer’s protocols, using normal mouse IgG2b Alexa Fluor 405 (Santa
Cruz Biotechnology) as isotype control. Flow cytometry was performed using a CellStream benchtop flow
cytometer (Millipore Sigma). Single color controls were used to create a compensation matrix for signal

bleed between fluorophores. Single cells were acquired using a 0.6-1 Aspect Ratio as the criterion. Dead
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cells were excluded with Propidium Iodide (PI) staining (1.5 pM for 5 minutes). Mean Fluorescence

Intensity per cell and cell counts were obtained directly from CellStream™ Software (Millipore Sigma).

Mammalian cell viability evaluation

Single cell suspensions were stained with 1.5 uM PI and incubated for 15 minutes in the dark at
room temperature. Viability was evaluated using a Leica TCS SP5 confocal microscope. At least 100 cells

were counted per sample, and 4 hydrogels were processed per treatment.

SCFA analysis

SCFA quantification was carried out by the Integrated Metabolomics Analysis Core at Texas
A&M University. Metabolites were extracted from samples using ethyl acetate and the levels of 6 SCFAs
(acetic, butyric, isobutyric, isovaleric, propionic, and valeric acid) were quantified using GC-MS.
Isotopically labelled n-butyrate was used as the internal control and was spiked into all samples prior to
extraction. Samples were diluted 10-fold in PBS before extraction. SCFAs were detected and quantified
on a gas chromatography triple quadrupole mass spectrometer (TSQ EVO 8000, Thermo Scientific,
Waltham, MA). Chromatographic separation was achieved on a ZB WAX Plus, 30 m x 0.25mm x 0.25
um column (Phenomenex). The MS data and retention times were acquired in full scan mode from m/z
40-500 for the individual target compounds. The injector, MS transfer line and ion source were maintained
at 230 °C, 240 °C and 240 °C respectively. The flow rate of helium carrier gas was kept at 1 mL/min.
Samples were maintained at room temperature on an autosampler before injection. 1 pul of the extracted
sample was injected with a split ratio of 20:1. The ionization was carried out in the electron impact (EI)
mode at 70 eV. Sample acquisition and analysis was performed with TraceFinder 3.3 (Thermo Scientific).

Microbiota composition analysis
22
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DNA from bacterial communities was extracted by using the DNeasy PowerSoil Kit (QIAGEN)
according to manufacturer’s instructions, and the v4 region of the 16S rRNA gene was sequenced using
the MiSeq Illumina Platform (FERA Diagnostics and Biologicals). Bioinformatic analysis was performed
using Microbiome Analyst (www.microbiomeanalyst.ca) at the genus level. Features with singlets were
removed prior to analysis. Features with single readings were removed before analysis. For comparative
analysis, only features with a read count higher than 4 in 50% of samples were included, and 10% of
features with the lowest coefficient of variation were removed to ameliorate data sparsity and improve
statistical power(92). Data was scaled using Cumulative Sum Scaling. The Bradis-Curtis Index distance
metric was used with PERMANOVA as the statistical method. LEfSe analysis was performed using LDA

> 2.0 as the significance filter and p < 0.05 was used for statistical significance.

Gene expression analysis

RNA was extracted from mammalian cells using the RNeasy Mini Kit (QIAGEN) following the
manufacturer’s instructions. Genomic DNA in the extracted RNA was eliminated by digesting with
DNAse (QIAGEN). cDNA synthesis was performed using qScript™ cDNA SuperMix (QuantaBio) using
100 ng of RNA sample in a 10 pL reaction. Quantitative PCR was carried out in a Lightcycler® 96 (Roche)
using FastStart Universal SYBR Green Master (Roche). Primers were designed using Primer Blast
(NCBI), and amplicon size and specificity were confirmed by melting peak analysis and agarose gel
electrophoresis of the reaction products. Each reaction mix contained 1/40™ of the cDNA pool obtained
per sample and a total primer concentration of 400 nM. The PCR regime consisted of preincubation for
10 minutes at 95 °C and 45 amplification cycles (95 °C x 15 s, 65 °C x 30 s, 72 °C x 45 s). Data were
processed using the 2-*A method. Multiple genes were evaluated as endogenous gPCR controls, including

18s, YWHAZ, PMM1, UBC, IPOS8, and VPS29; from these genes, PMM]I showed the most stable
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expression level and was employed as endogenous control. Sequences for all used primers are provided

in Table 1.

Table 1 Primer sequences for gene expression analysis.

Gene Forward Primer Reverse Primer
PMMI1 GTGTTCCCCATGCTCCACCT ATAGGCACCTTCCCCACCGT
TNF-a CTCTTCTGCCTGCTGCQCTTTG ATGGGCTACAGGCTTGTCACTC
CDS80 CTCTTGGTGCTGGCTGGTCTTT GCCAGTAGATGCGAGTTTGTGC
CD44 CCAGAAGGAACAGTGGTTTGGC | ACTGTCCTCTGGGCTTGGTGTT
CD40 CCTGTTTGCCATCCTCTTGGTG AGCAGTGTTGGAGCCAGGAAGA
CDIl11b GGAACGCCATTGTCTGCTTTCG | ATGCTGAGGTCATCCTGGCAGA
CD8&6 CTGCTCATCTATACACGGTTACC | GGAACGTCGTACAGTTCTGTG
CD68 CTTCTCTCATTCCCCTATGGACA | GAAGGACACATTGTACTCCACC
CD206 GGGTTGCTATCACTCTCTATGC TTTCTTGTCTGTTGCCGTAGTT
CD163 TTTGTCAACTTGAGTCCCTTCAC | TCCCGCTACACTTGTTTTCAC

Statistical analysis

For testing statistical significance, unpaired Student’s t-tests were performed on sets of data with

two experimental conditions. One-way ANOVAs were used for comparisons among multiple

experimental conditions and during RTqPCR data analysis. For RTqPCR data analysis, significance in

gene expression changes was determined by comparing ACt values across treatments, as gene expression

data is log normally distributed(93). The assumption of equality of variances among data sets was

confirmed by using the Levene’s test, and normality was validated using the Shapiro-Wilk test. All

experiments were performed at least in duplicate, and coculture experiments were performed in triplicate.

Effect of SCFA on cytokine production during transwell co-cultures
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To study the effect of SCFA on the THP-1 and HCT116 co-culture, 50 uL of Matrigel containing
~2.5x106 cell/mL of HCT 116 and ~2.5x10° cell/mL of THP-1 were seeded in a 24 well transwell plate in
the well and the insert, respectively. RPMI media containing 50 ng/mL PMA was added to the well (600
puL) and insert (300 uL) and kept in co-culture. After 72 hours, the plate was transferred in an anaerobic
chamber and the media replaced with fresh RPMI media with PMA. The THP-1 containing transwells
were either shifted to a different well, to study the individual culture or kept in the co-culture for 24 hours.
Cells were then treated for 12 hours with RPMI medium containing sodium acetate, sodium butyrate, and
sodium propionate at concentrations previously measured in device co-cultures (uM): 234.6, 12.1, 50.5
(“Inulin-negative SCFA”); 12.55, 6.7, 63.3 (“Inulin-derived SCFA”), respectively. Cell supernatants were

collected and stored at -80°C for cytokine analysis.

Multiplex Cytokine analysis

Stored cell supernatants were centrifuged at 300 x g for 4 min to remove cell debris and the
supernatant was then analyzed for a panel of 13 inflammatory cytokines using the LegendPlex Human
Inflammation Panel (13-Plex), according to manufacturer’s instructions. Samples were analyzed via flow

cytometry using a Cytek Aurora Spectral Flow Cytometer (Cytek Biosciences).
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