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Questions in this Q&A Report were submitted during the live webinar, Conversations Between
Mucosal Immunity and the Gut Barrier.

Answers were provided by Jerrold Turner, MD, PhD, Professor of Pathology at Harvard Medical
School and Professor of Medicine at Brigham and Women’s Hospital.

There is evidence of pancreatic enzyme leakage out of the intestinal lumen in acute disease
and experimental studies of circulatory shock in rats have shown improved survival with
enteral infusion of protease inhibitors suggesting a role of pancreatic proteases: what is the
possible role of pancreatic proteases in contributing to local injury and disease?

| don't think specific proteases have been identified. But it is clear that proteases can activate
signaling pathways, e.g., the proteinase activated receptor PAR-2,'* and degrade cell surface
proteins, including tight junction proteins. There's also some very interesting work related to
luminal proteases in the context of IBS-associated microbiota.”> Overall, there are still more
guestions than answers, but | anticipate that we will learn a great deal about this in the next few
years.

Is there evidence of direct immune cell interactions with CL-2?

This is a really interesting idea that, to my knowledge, has not been explored. However, changes
in claudin-2 expression have been associated with almost any inflammatory process in the
intestines, so it is possible. This is true for other tight junction proteins including JAM-A and
occludin, which are critical for transmigration of several types of leukocytes across the
epithelium® 7 as well as intraepithelial lymphocyte migration.? In the case of claudin-2 | think is
more likely that the increased paracellular Na* permeability resulting from claudin-2 expression
modulates immune cell differentiation.® 19 It is also important to remember that several
cytokines, including IL-13 and IL-22 can induce transcriptional activation of claudin-2 within the
distal epithelium. 12

In addition to occludin endocytosis mechanism, is there any other defects of barrier-forming
tight junction protein cause leak pathway?
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| imagine there must be. For example, we know that ZO-1 knockdown in vitro increases leak
pathway permeability,'3 and unpublished work from my group indicates that the same is true in
vivo. Studies from the Nusrat-Parkos group have also shown that JAM-A knockout increases both
pore and leak pathway permeability and, possibly, also unrestricted pathway permeability.'* The
changes in pore pathway permeability appears to be, at least in part, secondary to increased
expression of claudin 10 and 15. The relevance of these changes to homeostasis and
pathobiology are not well understood.

Intestinal epithelial cells lacking PTPN2 can drive macrophage M1-like polarization that can
feed back (via IL-6) to further increase claudin-2 expression. This supports the idea of a feed-
forward, self-amplifying loop in disease pathogenesis.

Yes, excellent point. There are many studies that promote this idea, and it is not unique to
inflammatory bowel disease. A similar vicious cycle has been proposed in disorders ranging from
environmental enteric dysfunction to graft-versus-host disease, and our work using long myosin
light chain kinase knockout mice shows that blocking myosin light chain kinase-driven leak
pathway of barrier loss prevents propagation of graft-versus-host disease. The same is true of
experimental inflammatory bowel disease, either through genetic myosin light chain kinase
deletion or pharmacological diversion of the enzyme away from the region of the tight
junction.*> 1 With regard to PTPN2, which has been genetically linked to inflammatory bowel
disease, there is a number of excellent papers.’1° The story here is a bit more complex, PTPN2 is
a regulator of cytokine signaling in many cell types. For example, recent work using intestinal
epithelial-specific PTPN2 knockout mouse makes it clear that there is an epithelial-intrinsic effect
of PTPN2 dysfunction.?®

Activation of myosin light chain kinase could be an adaptive response to infection, if we target
myosin light chain kinase aren't we interfering with the adaptive response by the body? Have
you checked the long-term effects of myosin light chain kinase inhibition? Given the normal
physiological role of MLCK is it a viable target?

These are important questions. My opinion is that physiological Na*-nutrient cotransport-induced
TJ regulation was important evolutionarily, when it was critical to absorb all available nutrients,
no matter how great the portion size, as there might be a long delay before food was available
again. In contrast, food is now generally available and portions can be managed. As a result, the
myosin light chain kinase-dependent paracellular amplification of transcellular nutrient
absorption is not essential and is more of an evolutionary relic. As evidence, our experiments
using divertin, which prevents myosin light chain kinase-dependent barrier regulation did not
detect any effect on weight gain of young mice with ad lib access to chow. Divertin did not cause
weight loss in adult mice or have any other apparent toxicities.'® In addition, long MLCK KO mice
grow and gain weight normally.

In terms of myosin light chain kinase in other cell types, inhibition would have severe toxicities.
First, the gene that encodes epithelial myosin light chain kinase is the same gene that encodes
smooth muscle myosin light chain kinase.?> 22 We know that inhibition of smooth muscle myosin
light chain kinase results in hypotension, visceral paralysis, and death.?® In addition, the
enzymatic domains of cardiac muscle and skeletal muscle myosin light chain kinases are very

Q&A Report — Conversations Between Mucosal Immunity and the Gut Barrier 2



similar to that of the smooth muscle/non-muscle myosin light chain kinase and any enzymatic
inhibitors of one would likely inhibit the others. Thus, enzymatic myosin light chain kinase
inhibition is not a therapeutic fidelity that should be considered. Even if this could be
accomplished specifically in intestinal epithelial cells, they would be toxicities, as myosin light
chain kinase is necessary for intestinal epithelial wound repair.?* This is the reason we took the
alternative approach of preventing myosin light chain kinase-dependent tight junction regulation
by blocking myosin light chain kinase recruitment to the perijunctional actomyosin ring with
divertin.'® In the process of developing divertin, we actively excluded small molecules that
inhibited myosin light chain kinase enzymatic activity, smooth muscle contraction, or epithelial
migration.®

Finally, although we’ve shown that claudin-2-mediated pore pathway upregulation is beneficial in
C. rodentium colitis,*? our preliminary experiments suggest that this is not true of myosin-chain
kinase-mediated leak pathway permeability increases. In fact, it seems that inhibition of myosin
light chain kinase-mediated pathway permeability increases may be beneficial in infectious colitis
as it is in experimental inflammatory bowel disease and graft-versus-host disease.> 162> 26

So, I am confident that targeting myosin light chain kinase-dependent tight junction regulation
will be safe as long as we use a selective approach that does not interfere with other essential
functions of myosin light chain kinase.

What is mucosal immunity? Does it include short- or long-term immunity?

Mucosal immunity is a general term that can be applied in many contexts.

What can intestinal permeability in healthy individuals be attributed to aside from genetic
predisposition? Are there any diet-related factors associated with this phenomenon as well?

Diet, environmental factors, and mucosal immune status can all affect barrier function. For
example, in first-degree relatives, NOD2 polymorphisms have been linked to increased
permeability (Buhner et al. Gut. 2006). Dietary emulsifiers could also be considered (Chassaing et
al. Nature. 2015).

What treatments improve gut barrier in Celiac Disease?

Some work has been done using the drug larazotide, but eliminating gluten is really the best
answer.

Is it known if pathogens directly disrupt the cldn-2 interacting with another cldn-2?

That isn't known. However, C. perfringens enterotoxin causes barrier loss by binding to claudins 3
and 4.

What impact on gut barrier would chronic immune activation have?

It would be expected to cause chronic permeability increases. This could lead to a self-amplifying
cycle of immune activation leading to increased permeability leading to further immune
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activation. In the absence of immunoregulation-dependent suppression of this process, it could
theoretically culminate in disease.

Does pH affect regulation of TJ permeability pathways?

Extracellular acidification can reduce paracellular conductance in some cell types (Hein et al.
Chem Phys Lipids. 1992). Intracellular pH can also affect tight junction permeability (Turner et al.
Am J Phys. 2000).

Rather than having anatomically separate pore and leak pathways might claudin2 mediate
both pore and leak at the same cellular/junction site by simply alternating between two
molecular conformations?

It's a reasonable hypothesis, but Alan Yu's work carefully mapping the claudin-2 channel (e.g., Li
et al. ] Biol Chem, 2014 and Rosenthal et al. Acta Physiol, 2017), Anderson and van lItallie's work
showing that claudin-2 upregulation specifically enhances pore, but not leak, pathway
permeability (van Itallie et al. J Cell Sci, 2008), and my group's patch clamping of claudin-2
channels (Weber et al. eLife, 2015) all suggest that this is not the case. In contrast, other (e.g., Yu
et al. Am J Physiol, 2005; Buschmann et al. Mole Bio Cell, 2013; van Itallie et al. Mol Biol Cell,
2009; Marchiando et al. J Cell Biol, 2010) indicate that occludin and ZO-1 are more critical for leak
pathway regulation.

Great presentation Jerry. What happens to the MLCK that is removed from the junction in
response to divertin? Is it degraded, does it accumulate in the cytosol, or get recycled to the
membrane once divertin wears off?

We haven't looked at this carefully, but our data suggest that MLCK1 diverted from the junction
stays in the cytoplasm (like MLCK2).

What happens to intestinal macrophages when claudin 2 or MLCK pathways are active?

In the constitutively active MLCK transgenic mice, lamina propria CD11c-positive cells are
concentrated closer to the surface than in wild type mice. We don't know if this reflects
activation, but similar shifts in location have been reported in IBD patients.

Does increased claudin-2 by cytokine treatment or transgenics replace endogenous claudins
or is it simply added to tight junctions?

Great question. We don't know the answer to this. We would love to better understand
junctional organization.

Do you think that the mechanisms responsible for injury and the described promotion of
disease with barrier loss and mediation of immune activation are the same in acute disease?

We know that some of the signaling pathways are the same. However, chronic processes always
trigger secondary events. There must, therefore, be differences as well.
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Thank you for the great talk Dr. Turner. Given the developmental changes in the pore
pathway (i.e. with weaning) do you suspect that the effect of the benefit or harm context
would be different with age?

Really interesting question. | don't think there are meaningful data to address this. However, |
think the answer to your question must be yes, there are differences. If they were not, it's hard
to understand why this would have developed and been retained evolutionarily. For instance, in
the weaning example you gave, the switch between claudin-2 and claudin-15 is a mystery. They
seem to form nearly identical Na* channels. | suspect that claudin-2 may have a greater open
probability or higher throughput, but that has not been studied.

Can you comment of the role of the nervous system and neuromediators on intestinal
permeability? Thank you.

This is a really important area that we just don't understand. It is clear that there is a role for the
nervous system. However, other than showing that some neural mediators can affect
permeability, primarily in vitro, little is known.

Does IL-13 regulate CK-2 activity?

| am not aware of any specific to IL-13. However, Koch et al. (Mucosal Immunology, 2006) did
publish work showing that CK2 is activated in IBD. They concluded that it is essential for
homeostasis. Our work using the inhibitor suggests that that is not entirely accurate but does not
exclude other roles for CK2.

Is it possible that intestinal contractility is also altered in these experimental models?

Yes, I'm sure that it must be. It is also important to recognize that in vivo permeability
measurements are affected by transit rate. This is one of the reasons it is essential to include
normalizing controls, such as 70 kDa dextran in our experiments, in such assays.

How do you protect barrier function from necrosis factor?

Myosin light chain kinase is the primary driver of tumor necrosis factor -induced barrier loss. This
leads to occludin internalization and, likely, degradation. Preventing myosin light chain kinase
activity at the perijunctional actomyosin ring or overexpressing occludin have both been shown
to block or at least reduce tumor necrosis factor -induced barrier loss in vivo.

What is the contribution of macrophages in the tight junction?

Macrophages are an important source of many cytokines, including tumor necrosis factor. | don't
know of a direct physical interaction between macrophages and epithelial cells that regulates
tight junctions.

Can bacterial/viral infection cause increased permeability and development of IBD?
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Infection can definitely increase permeability. Although mechanisms are not known, there are
several studies showing that enteric infection with Salmonella or Campylobacter increases
subsequent risk of developing IBD (Gradel et al., Gastroenterology, 2009).

What happens in cirrhosis to claudins and MCLK?

There is a long-standing hypothesis that intestinal permeability increases allow LPS to enter the
portal circulation that promotes cirrhosis. There are data both supporting and contradicting this
hypothesis. I'm not aware of work in the other direction, i.e., cirrhosis affecting intestinal tight
junctions. There are, however, some very interesting studies of canalicular tight junctions within
the liver in the context of cirrhosis. Some of these suggest that cholangiocytes regulate tight
junctions by mechanisms similar to those | have described in this presentation. It is also
interesting to note that claudin-1 and occludin play critical roles in hepatitis C infection. Whether
this relates to barrier function or not is unknown.

I am working on the role of proteolytic processing occluding junctions in regulating mucosal
barrier destruction. In Trichinella spiralis challenge mouse model, what proteases are involved
in occluding junction destruction?

| don't think specific proteases have been identified. But it is clear that proteases can activate
signaling pathways, e.g., the proteinase activated receptor PAR-2, and degrade cell surface
proteins, including tight junction proteins. There's some very interesting work in the context of
IBS from Dr. Madhu Grover at the Mayo Clinic that begins to get at this issue from a
clinical/translational perspective. | anticipate that he will teach us a great deal about this in the
next few years.

Thank you. Is there any information on the role of tissue fibrosis in the deterioration of
barrier function?

Great question. | don't know of any data directly linking fibrosis to barrier function but | think it's
safe to assume that when there is fibrosis secondary to disease, barrier function must be altered.

Has pregnancy been studied in relation to the IBD? Can pregnancy be somehow related to its
onset?

IBD during pregnancy is definitely an issue and has been studied. There is little information on
IBD developing in pregnancy. Koslowsky et al. (IBD J, 2018) wrote one nice study that would give
you a broader perspective.

Is there any difference in response to inflammatory stimuli among men and women?

Yes, there can be. The details are complicated and not entirely understood. In the context of
these studies, it is notable that claudin-2 is X-linked.
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Related to the point about differences between claudin-2 and claudin-15, can Claudin-15 also
allow water to pass (as Claudin-2 can)?

Yes, see Rosenthal et al. (Acta Physiol, 2020).

Is it only the tight junction that loses its integrity? Can the membrane lipid bilayer also be
perturbed by inflammation?

The inflammatory process can definitely damage cells and cell membranes. In terms of
permeability, this is the unrestricted pathway. Your question brings up a separate interesting
issue regarding the structure of the lipid bilayers at the tight junction barrier. This remains a
mystery despite having been described in 1963 (Farquhar, J Cell Biol).

Did you see any sex differences in your mechanistic studies in mice?

We don't see any mechanistic differences. The rate of disease progression can vary and, for that
reason, individual experiments are done using only one sex. However, all terms are repeated at
least once in each sex. We haven't seen major phenotypic differences between sexes. However,
sex has been described as a factor in disease development in some IBD models.

How does permeability affect other tissue like muscle?

I'm not entirely sure what you're asking. Vascular endothelial mobility can be an issue in muscle,
but there are no epithelial cells or epithelial tight junctions. If you are asking about the effect of
intestinal epithelial tight junction permeability in other tissues, there certainly are systemic
effects of intestinal barrier regulation. In the most general terms, increased intestinal
permeability promotes immune disease and has been hypothesized to be a factor in other
disorders ranging from autism to rheumatoid arthritis.

Do you know of any evidence that gut microbiota associated with malnutrition are also
associated with these kinds of changes in mucosal barrier integrity?

There are some data. For example, there is increased permeability, or loss of barrier integrity, in
environmental enteric dysfunction, which has also been associated with an altered microbiome.
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Contact Information

If you have additional questions for Dr. Jerrold Turner regarding content from this webinar, you
can contact him at:

Jerrold Turner, MD, PhD

Harvard Medical School

730b

77 Avenue Louis Pasteur

Boston MA 02115

Phone: 617 732-7510

Email: jrturner@bwh.harvard.edu

Lab web address: https://jrturnerlab.com/
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