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Cell-Matrix Interactions Contribute to
Barrier Function in Human Colon
Organoids

James Varani, Shannon D. McClintock and Muhammad N. Aslam*

The Department of Pathology, The University of Michigan Medical School, Ann Arbor, MI, United States

The importance of cell-matrix adhesion to barrier control in the colon is unclear. The
goals of the present study were to: (i) determine if disruption of colon epithelial cell
interactions with the extracellular matrix alters permeability control measurement and
(i) determine if increasing the elaboration of protein components of cell-matrix adhesion
complexes can mitigate the effects of cell-matrix disruption. Human colon organoids
were interrogated for transepithelial electrical resistance (TEER) under control conditions
and in the presence of Aquamin®, a multi-mineral product. A function-blocking antibody
directed at the C-terminal region of the laminin o chain was used in parallel. The
effects of Aquamin® on cell-matrix adhesion protein expression were determined in
a proteomic screen and by Western blotting. Aquamin® increased the expression of
multiple basement membrane, hemidesmosomal and focal adhesion proteins as well
as keratin 8 and 18. TEER values were higher in the presence of Aquamin® than they
were under control conditions. The blocking antibody reduced TEER values under both
conditions but was most effective in the absence of Aquamin®, where expression of cell-
matrix adhesion proteins was lower to begin with. These findings provide evidence that
cell-matrix interactions contribute to barrier control in the colon.

Keywords: Aquamin®, basement membrane, cell-matrix adhesion, cell-cell junction, colonoid, gut barrier, laminin,
proteomics

INTRODUCTION

Functional defects in the gastrointestinal tract barrier have been documented in inflammatory
conditions of the bowel, including both ulcerative colitis (UC) and Crohn’s Disease (1-6). Barrier
defects have also been described in irritable bowel syndrome (7) and noted in celiac disease (5) and
as a consequence of acute bacterial infection (8). Barrier defects have also been seen in obesity
related to high-fat and high-sugar diets (9, 10) and, thus, may contribute to chronic, systemic
inflammation. Finally, gastrointestinal discomfort associated with chronic environmental stress
may reflect barrier dysfunction (11). In these situations, inflammatory injury to the intestinal wall
contributes to barrier break-down. At the same time, however, preexisting barrier defects, leading
to permeation of bacteria, bacterial products, food allergens and toxins into the mucosal wall, may
promote inflammation in the gastrointestinal tract (4).
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presented for laminin 1 and p-actin.

FIGURE 2 | Effects of Aquamin® on expression of Laminin $1: Western blotting. Protein isolated from control and Aquamin®-treated (healthy normal subjects) colon
organoid-derived monolayer cells was assessed for laminin 1 expression by Western blotting as described in the Materials and Methods section. 10 pg of protein
from each condition was used. B-actin was assessed in parallel (as a loading control). Band quantitation was done using Imaged software. Relative band density is

were determined daily beginning on the next day. Results
are shown in Figure3. Figure 3A demonstrates that under
conditions optimized to promote electrical resistance, TEER
values were low during the first 2 days after treatment, rose
precipitously at day-3, remained elevated through day-6 (except
with a slight decrease every day) and declined thereafter. A
combination of antibody to occludin (tight junctional protein)
and DAPI (nuclear stain) was used to illuminate organoids and
cell outgrowth from the organoids on the transwell filters at day-
2 and day-5. As shown in the inserts in Figure 3A, intact cell-cell
borders could be seen between cells in the organoids, themselves,
by day-2. However, cell outgrowth from the organoids did
not completely cover the transwell insert filter surface at this
time (accounting for the lack of electrical resistance). Coverage
of the filter surface was complete by day-5. The effects of
the function-blocking antibody—anti-laminin o3 (25 pug/ml) on
electrical resistance in differentiation medium are shown in
Figure 3B. A modest decrease in TEER values was observed at
days-3,—4, and—5 (9-17% decrease; not statistically significant).
Lower antibody concentrations were not effective.

In parallel, electrical resistance was assessed in the KGM
Gold-growth medium mix. Similar to what was observed in
differentiation medium, TEER values were low on day 1 and day
2 (<100 2 x cm?) but rose sharply such that maximum values
were observed on day-3 (1,700-1,900 Q x cm?), depending on
experiment. Values remained elevated through day-5 and then
fell (not shown).

At the completion of TEER assessment (on day-3) in
differentiation medium, transwell insert filters with cells still
attached were fixed in 10% buffered formalin, stained with
hematoxylin and eosin and examined at the light microscopic
level (Figure 3B insert). It can be seen that under control
conditions (IgG-treated cells) or in the same medium with
anti-laminin antibody, the filter surface was covered with a
complete monolayer of cells. However, in the presence of the
anti-laminin antibody, focal areas where cells had detached from
the underlying substrate could be observed. In these areas, cell-
cell attachments remained intact such the structure had the
appearance of a tiny blister. When these visible gaps in the
detached monolayer were digitally quantified, the gaps decreased
from 16 £ 18 pum in the presence of anti-laminin antibody to 5 +
7 wm under control conditions.

Based on the outcome of the preliminary studies, KGM
Gold-growth medium was used in subsequent experiments.
Anti-laminin antibody was included at a final concentration of
25 pg/ml and electrical resistance was determined at day-3.

Following the preliminary studies described above, human
colon organoids were plated on transwell filters in growth
medium. One day later, growth medium was replaced with
the KGM Gold-growth medium mix (0.25mM calcium; final
concentration). In some wells, Aquamin® was added to bring
the final calcium level to 1.5mM and provide the additional
trace elements that make up the marine algae product. Electrical
resistance across the cell layer was assessed as described
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FIGURE 3 | Transepithelial electrical resistance in differentiation medium (Preliminary assessment). (A) Time-dependent changes in TEER values. Values shown are
means and standard deviations based on four separate experiments with four samples (individual transwell insert filters seeded with healthy colon organoid-derived
monolayer cells) per data point at each time-point in each experiment. Insert: Confocal fluorescent microscopic (max-projected) images of organoids and
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50 wm (Large).

FIGURE 3 | organoid-derived cells on transwell inserts stained after the day-2 and day-5 readings with antibody to occludin and with a combination of antibody to
occludin and DAPI. Scale bars = 50 um. (B) Effects of anti-laminin antibody on TEER values. Values shown are means and standard deviations based on two
separate experiments with 4 samples (individual transwell insert filters seeded with healthy colon organoid-derived monolayer cells) per data point at each time-point in
each experiment. Insert: hematoxylin and eosin-stained images of the cell monolayers still attached to the transwell inserts from IgG-treated and anti-laminin-treated
wells. Arrows in the anti-laminin-treated image show areas where cell detachment from the underlying transwell insert was visible. Scale bar = 100 wm (small) and
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FIGURE 4 | Transepithelial electrical resistance in KGM Gold-growth medium with or without Aquamin® and with or without anti-laminin antibody. TEER values shown
are means and standard deviations based on three separate experiments with four samples (individual transwell insert filters seeded with healthy colon
organoid-derived monolayer cells) per data point in each experiment. Data were compared for statistical differences using ANOVA followed by unpaired-group
comparisons. Asterisk (*) above the open Aquamin® bar indicates a difference from control at p < 0.05. Asterisks (*) above the closed bars indicates difference from

above on day-3). In the unsupplemented KGM Gold-growth
medium mix, a TEER value of 1,828  x cm? was achieved as
compared to 2,325 x cm? in differentiation medium (21.5%
decrease) while the TEER value in Aquamin® supplemented
medium (2,214  x cm?) was virtually identical to that seen in
differentiation medium (compare values in Figure 4 with those
in Figure 3A—Day 3). Figure 4 also shows the effects of anti-
laminin treatment on TEER values in the two conditions. In
Aquamin-supplemented medium, TEER values were reduced
by 16% with anti-laminin. This is comparable to what was
seen in differentiation medium (compare values to those in
Figure 3B). In unsupplemented KGM Gold-growth medium,
where TEER values were lower to begin, the inclusion of anti-
laminin antibody further reduced TEER values to 787 £ 288 Q x
cm? (57% decrease).

Effects of Anti-laminin Antibody on

Organoid Cohesion
In our previous study, we demonstrated that treatment of
human colon organoids with Aquamin® increased organoid

cohesion in parallel with TEER values. Specifically, organoids
maintained in KGM Gold-growth medium without Aquamin®
fragmented into much smaller pieces than did organoids grown
in the presence of Aquamin® and subjected to the same
mechanical disruption protocol (23). We attributed increased
cohesion in the presence of Aquamin® to the increase in
desmosomes seen in parallel. This does not, of course, rule
out the possible contribution of other adhesive interactions. To
determine whether interactions involving laminin contributed to
intra-organoid cohesion, colon organoids were maintained for
1 week in KGM Gold-growth medium with either IgG or the
same anti-laminin antibody that reduced TEER values. At the
end of the incubation period, cohesion was assessed as described
in Methods and in our previous study (23). No detectable
antibody effect on organoid cohesion was seen. Specifically,
there was no difference between IgG-treated and anti-laminin-
treated organoids in average organoid size after harvest and
fragmentation (i.e., post- to pre-harvest ratio). This was 0.45
and 0.46 with IgG and anti-laminin antibody, respectively
(Figure 5).
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FIGURE 5 | Colon organoid cohesion in KGM Gold-growth medium mix: Effect of anti-laminin antibody. Colon organoids were maintained for 7 days in KGM
Gold-growth medium with either IgG or anti-laminin. At the end of the incubation period, organoid cohesion was assessed as described in the Materials and Methods
section. Values shown represent the change in organoid size (i.e., mean surface area + SD of individual colon organoids based on two separate experiments with a
minimum of 53-104 colon or-ganoids assessed individually per treatment group in both pre- and post-harvest cultures. Data were compared for statistical differences
using ANOVA followed by unpaired-group comparisons. While the decrease in organoid size between post-harvest and pre-harvest organoids were statistically
significant with either IgG or anti-laminin, the differences between anti-laminin and IgG were not different. Inset: Representative examples of organoid appearance
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immediately prior to harvest (upper) and 1 day after the harvested organoids had been reestablished in culture. Scale bar = 200 um.

DISCUSSION

Most studies of barrier dysfunction in the gastrointestinal
tract have focused on the structural components that regulate
cell-cell interactions (i.e., desmosomes and, especially, tight
junctions) (16-19), but basement membrane disruptions are also
commonly observed (25-28). Experimental animal models of
colitis, likewise, demonstrate basement membrane disruptions
in inflamed colonic tissue (28, 46). In all of these settings, a
loss or reduction in laminin immunoreactivity is commonly
observed (25-28), although altered distribution of laminin
forms has been reported as well, with some forms actually
increasing (27). Laminin is not unique in being altered in
inflammatory bowel conditions. Basement membrane collagens

including type IV have been reported to be increased in
inflamed bowel (28). Together, these past findings provide a
picture of widespread cell-matrix disruption in the context
of the inflamed colon. Although these changes are thought
to be a consequence of the inflammatory process, anomalies
have been noted in some patients with inflammatory bowel
disease in the absence of acute tissue damage (4). Thus,
preexisting basement membrane irregularities may contribute
to inflammation, and not simply be the consequence of
tissue injury. In support of this, a murine model in which
laminin «a-chain was overexpressed showed a decreased
sensitivity to chemical-induced colitis (28). In another model,
hemidesmosome disruption promoted colitis (46) in genetically
manipulated animals.
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FIGURE 6 | Aquamin®-responsive cell-matrix adhesion structures in the colon. A cartoon depicting structures important to cell-matrix adhesion in the colon and
components of those structures that are responsive to Aquamin® (shown in red). Based on the profile of proteins that are induced by Aquamin®, cell-matrix adhesion
through both focal adhesions and hemidesmosomes could be affected. Laminin-binding integrins did not alter with Aquamin®.

Regardless of whether preexisting barrier defects in the  findings also demonstrate that treating colon organoids with a
gastrointestinal tract promote bowel inflammation or are simply =~ multi-mineral supplement increases the elaboration of basement
the consequence of inflammation, improvement in barrier = membrane proteins and hemidesmosomal/intermediate filament
structure/function would seem to be of value. The findings components while partially mitigating the consequences of
presented here demonstrate that interfering with cell-basement  interfering with cell-basement membrane interactions. As
membrane interactions reduces electrical resistance across the = summarized graphically in the cartoon (Figure 6), the basement
cell layer (a measure of permeability control) without a major ~ membrane, hemidesmosomal and intermediate filament proteins
effect on tissue cohesion in human colon organoid culture. Our  that are responsive to Aquamin® treatment could be expected
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to have an effect on both focal adhesions and hemidesmosomes
(47). In our previous studies, the same mineral supplement
was shown to substantially increase desmosome formation along
the lateral surface of adjacent epithelial cells in colon organoid
culture without a major effect on tight junctions (22-24). Thus,
while functioning tight junctions are directly responsible for
permeability control, our past findings suggest that permeability
control cannot be optimally maintained in a mechanically active
tissue such as the colon when cell-cell cohesion (22-24) is
disrupted. The data presented here extend this conclusion to
cell-matrix interactions. These data suggest that cell-matrix
interactions also play a contributing role in barrier function.
It should be noted, of course, that cell-matrix interactions
are complex and involve multiple cell surface and cytoskeletal
proteins on the one hand, and several different matrix moieties
on the other. The use of a single blocking antibody which
could interfere, presumably, with laminin binding to many
different partners precludes a more precise determination of the
relative importance of different individual cell-matrix protein
combinations to the overall result. This notion has been tested
before by targeting a specific molecule (kalinin) using an
antibody in keratinocyte cell culture, and concluding that that
kalinin (i.e., laminin 332) is the critical component of basement
membrane (48).

How Aquamin®  functions to improve barrier
structure/function is not fully understood. Many of the
matrix-related proteins found to be up-regulated here are
products of differentiation, and calcium, the most abundant
mineral in the algae product (21), is the quintessential regulator
of epithelial differentiation (49). While calcium is undoubtedly
critical, many of the additional trace elements in Aquamin®
have a higher affinity than calcium itself for the extracellular
calcium-sensing receptor (50-52). They act like calcimimetic
agents to “left-shift” the response to calcium. We believe that
increasing the elaboration of critical barrier proteins is an
important mechanism by which Aquamin® promotes barrier
function. At the same time, calcium, magnesium and manganese
are all critical to the protein-protein interactions that mediate
cell-cell and cell-matrix adhesion interactions (53). Thus, the
contribution of Aquamin® to barrier function likely extends
beyond driving new protein production.

The studies carried out here made use of a sophisticated ex
vivo culture system (colon tissue maintained in organoid culture)
and comprise data from seven different subjects for proteomics,
three different subjects for organoid-derived monolayer culture
on transwell membrane and three different subjects for the tissue
cohesion assay. This ex vivo system used here may have its
limitation while lacking in vivo environment, but it provides a
good substitute for colonic tissue to test interventions ex vivo
(54). Still, whether the effects obtained in vitro have relevance
to what occurs in vivo remains to be demonstrated. In an effort
to begin addressing this issue, we have recently carried out
a pilot phase trial in which 10 healthy subjects were treated
with the same multi-mineral product (Aquamin®) used here.
To summarize the results of this pilot study, there were no
tolerability issues with daily Aquamin® ingestion over a 90-day
period and no safety concerns (55, 56). Equally important, when

Aquamin®-treated subjects were compared to subjects receiving
placebo for the same period, we saw up-regulation of laminin
chains along with increased levels of other basement membrane
components and hemidesmosome moieties in colonic biopsies
(56). Subjects receiving calcium alone (i.e., the most abundant
mineral in Aquamin®) also demonstrated increases in several of
the same molecules, but the degree of up-regulation with calcium
alone was lower than that seen with Aquamin® (56).

As a follow-up, we are conducting a 180-day interventional
trial with Aquamin® in UC patients (ClinicalTrials.gov:
NCT03869905). In addition to evaluating therapeutic benefit, the
same approaches used in the earlier trial with healthy individuals
(immunohistology and proteomics) are being used to evaluate
proteins changes in the colon over the course of intervention.
In parallel, the urine lactulose/mannitol ratio (57) is being
assessed to provide a direct measure of treatment effects on
gastrointestinal permeability (ClinicalTrials.gov: NCT04855799).
If successful, Aquamin® or a similarly formulated product could
be used as a low-cost, low- to no-toxicity adjuvant therapy
to improve gastrointestinal barrier function in individuals
suffering from a variety of gastrointestinal maladies. At the very
least, individuals with barrier defect-associated gastrointestinal
conditions should be encouraged to include an adequate source
of calcium and other minerals in their diet. Unfortunately,
deficiencies in calcium and other critical mineral components are
widespread throughout the world (58) and this is especially true
for those consuming a Western-style diet (59, 60).

Finally, there is another group of diseases—
epidermolysis bullosa and related conditions—that are
manifestations of mutations in various basement membrane,
desmosomal/hemidesmosomal and keratin genes (61). At the
same time, there are case reports and studies that provide
evidence of an association between bullous pemphigoid and
inflammatory bowel disease (62-64). At this point, we can only
speculate as to whether optimizing the expression of multiple
cell-cell and cell-matrix adhesion molecules in an individual
might overcome, at least in part, the consequences of a function-
modifying mutation in one or another critical component. If
this turns out to be the case, it could open the door to a new
adjuvant therapeutic approach. While speculative for now,
experimental models in which a hypothesis could be tested are
available (65-67).

In summary, an intact barrier is required for healthy
gastrointestinal function. While cell-cell adhesion structures are
well-known participants in effective barrier function, the present
study provides evidence that cell-matrix interactions are also
important. These studies show, furthermore, that a multi-mineral
natural product has the capacity to stimulate the production of
cell-matrix adhesion moieties and, concomitantly, to improve
barrier control.
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