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systemic inflammation
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This Perspective presents the potential of the Small Intestinal Axis, a sub-
division of the Gut-immune Axis, to modulate systemic inflammation based on
sensing contents of the gut lumen. Gut mucosal immunity regulates tolerance
to food and gut contents and is a significant factor in maintaining systemic
homeostasis without compromising immunity to pathogens. This is achieved
through anatomical structures and signaling pathways that link the tolerogenic
potential of the proximal small intestine to systemic immunity. Non-live
preparations of microbes isolated from human small intestinal mucosa, and
the extracellular vesicles (EVs) which they shed, can resolve systemic
inflammation without systemic exposure after oral delivery. The mechanism
involves primary interactions with pattern recognition receptors followed by
trafficking of immune cells through mesenteric lymph nodes. This generates in
the periphery a population of circulating CD4* T cells which have regulatory
function but an atypical FoxP3™ phenotype. There is no modification of the
resident gut microbiome. Discoveries using this novel approach of targeting
mucosal microbial elements to the tolerogenic proximal regions of the small
intestine are revealing some of the mysteries of the relationship between the
gut and immune system.
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Introduction

Since ancient times the intestines have been considered integral to human well-being.
The ancient Egyptians removed intestines before mummification and placed them in
canopic jars protected by the falcon-headed God, Qebehsenuef, one of the four sons of
Horus (1, 2). In modern times, we possess a growing scientific understanding of a
profound influence of the gut on the function of the immune system. The large mucosal
surface of the small intestine, in particular, functions as an immune sensory organ which
relays information and instructions throughout the body based on molecular sensing of
luminal content, including food and microbes (3).
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Inferences of the gut’s influence on immune homeostasis
and pathology have focused on the association of changes in
composition of gut microbiota measured in stool. This
represents the microbial content of the colon and is distinct
from that of the small intestine. The colonic microbiota are
widely considered as a vital organ for health, despite the
observation that individuals who have a total colectomy are
generally healthy. This Perspective presents an alternative view
centered on a sub-division of the gut-immune axis, the small
intestinal axis (“Sintax”), that links small intestinal mucosal
immunity to systemic immunity. We describe the therapeutic
potential of the small intestinal axis based on an understanding
of gut mucosal immunity and of harnessing its links to
the periphery.

Recent studies exploring oral agents that modulate
peripheral inflammation via the small intestinal axis (4, 5)
have provided unexpected insights that bridge the fields of oral
tolerance, mucosal immunity, and the gut microbiome. This
raises the possibility of medicines which induce resolution of
systemic inflammation using mechanisms similar to those
essential to prevent inflammatory responses to the high
burden of daily exposure to food antigens in the proximal
small intestine (6).

Pabst and Mowat (7) noted that, “There is an important
difference between tolerance to gut bacteria and tolerance to
food proteins: whereas tolerance to food protein induced via the
small intestine affects local and systemic immune responses,
tolerance to gut bacteria in the colon does not attenuate systemic
responses.” We are seeking to bridge this gap with the systemic
effects of mucosa-resident organisms on mechanisms of oral

tolerance in the proximal small intestine.

On the evolutionary origins of the
gut-immune axis

Theodosius Dobzhansky stated that, “Nothing in biology
makes sense except in the light of evolution” (8).

The last common ancestor (LCA) of all animals is thought to
have been a worm-like creature, possibly Ikaria wariootia, found
in the Ediacaran of South Australia and estimated to be ~550
million years old (9). The possibility that a worm is the LCA is
consistent with predictions based on phylogenetic analysis of
modern animals such as Platynereis dumerilii (10).

The significance for the gut-immune axis arises from the
striking anatomical similarity between worm and small intestine,
which is an evolutionary descendent of the LCA. During
embryogenesis the proto-gut forms in the first few cell
divisions and all other tissues of the body arise from gut
epithelial cells. The worm/gut can be regarded as the core
ancestral element of the organism, deriving the nutrients from
the environment required to drive the energetics of life (11). This
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evolutionary core must control the myriad tissues and organs
that have evolved to enable diverse animals to adapt to widely
varied habitats. The control systems are the anatomical immune,
neural and metabolic networks which radiate from the gut
throughout the body.

With this evolutionary perspective it becomes intuitive to
understand that the small intestine can exert physiological
control of bodily function. Indeed, it must, as it is a central
force of life within all animals. This insight informs our
understanding of the small intestinal axis and the creation of
new types of medicines.

The conundrum of the gut
microbiome

The gut microbiome has been characterized as an essential
organ for good health (12). Enormous amounts of data have
been generated on the content and diversity of the gut
microbiota (13, 14). Associations of gut microbial variation
with disease have been reported across most areas of medicine
(15, 16). Given ease of access, the majority of data on gut
microbiome composition is from stool samples. The colon has
a high microbial abundance, several orders of magnitude greater
than the upper parts of the intestine (17, 18).

There is, however, compelling evidence that the colonic
microbiome may not be generally essential to health. This is
most evident in adult patients who have had a total colectomy.
Case-control longitudinal follow-up studies after surgery show
no adverse effects on health related to the loss of the colon and its
microbiota (19). Two large cohort studies may suggest even a
reduced risk of cardiovascular disease (20) and type 2 diabetes
(21) after colectomy. This is inconsistent with the assumption
that a colonic microbiome is essential to good health but remains
compatible with the notion that dysbiosis can lead to adverse
effects on health reflecting the overgrowth of organisms with
which the host has not evolved to co-exist.

Small intestine resection is less commonly performed. However,
observations of patients with concomitant inflammatory diseases
following Roux-en-Y surgery for obesity suggest that alterations in
function of the small intestine can result in inflammation resolution
in peripheral tissues (22). Although the mechanism of this effect is
unknown, it suggests that the proximal small intestine can influence
systemic inflammation.

Evidence that modulating gut mucosal immunity can lead to
tolerance and reduced systemic inflammation is long-standing
(23). Two related ideas prompted us to think in a different way
about the gut-immune axis and how to modulate
it therapeutically:

Firstly, there are multiple microbiomes within the GI tract.
The colonic and small intestinal mucosal microbiome are
distinct, with a density about six orders of magnitude lower in
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the duodenum and three orders lower in the distal ileum
compared to the colon (24). Microbes resident in the small
intestine mucosa are more likely to influence the small intestinal
axis than those in stool (25) due to proximity to host cells in the
gut epithelium and their evolutionary requirement to adapt to
survive in the host environment.

Secondly, it may be possible to select individual microbes or
microbial elements which trigger tolerogenic sensory systems in
the proximal small intestine for control of systemic
inflammation using similar mechanisms to those of food
tolerance (6, 26).

We propose a new avenue for the discovery of orally
delivered medicines which explores the intersection between
mechanisms of oral tolerance and small intestinal mucosal
microbiota. This hypothesis led to identification of agents
which harness tolerogenic gut-immune networks resulting in
broad spectrum systemic inflammation resolution arising from
direct interaction with host cells in the small intestine, unrelated
to content or change in the microbiota.

The role of small intestinal mucosal
immunity

The intestinal mucosal immune system must permit safe
nutrient absorption and offer protection from pathogens. Much
of the protective function arises from physical, chemical and
biochemical barriers in the GI tract (27), ensuring that
pathogens never enter the body. A primary requirement of gut
mucosal immunity is prevention of adverse inflammatory effects
of food consumption (7) and exposure to innocuous microbes
whilst still allowing immunity to pathogens.

We have probed the systemic impact of the small intestinal
axis using EDP1867 and EDP1815, two preparations of single
strains of small intestine mucosa-derived bacteria and the
extracellular vesicles which they naturally shed. These can be
orally delivered with inflammation resolving effects which match
the efficacy of a wide range of comparator anti-inflammatory
drugs in animal models.

Ramani et al. in 2022 (4) published the first report of the
pharmacology and mechanisms of EDP1867 on the small
intestinal axis. EDP1867 is a preparation of a monoclonal
strain of the bacterium, Veillonella parvula, isolated from the
ileum of a healthy human donor who had a total colectomy 25
years earlier. The preparation comprised a mixture of bacterial
cells and their extracellular vesicles (EVs). It was y-irradiated to
ensure that the mechanism of action was due to direct action on
host cells in the gut rather than GI colonization or modification
of the resident microbiota. EDP1867 was therapeutically
effective after oral administration in a range of animal models
covering Th1, Th2 and Th17 inflammation.
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This systemic effect of oral tolerance with a small intestine
mucosa-derived microbial preparation has also been shown with
EDP1815, prepared from a strain of Prevotella histicola isolated
from a duodenal biopsy of a human donor (28). EDP1815 is an
obligate anaerobe which is killed by exposure to oxygen
following anaerobic fermentation. It has shown efficacy in a
variety of inflammatory models affecting a range of organs and
tissues (29-31). Both EDP1867 and EDP1815 were shown to be
gut-restricted after oral administration, demonstrating that the
effects in the periphery were due to the transmission of an
immunological signal that originated in the gut rather than to
systemic absorption of the drug.

Immunogeography of the intestines

The distribution of immune cells, epithelial cells and gene
expression throughout the gut is highly non-uniform (32, 33)
suggesting differential functions along its length. There is
anatomical segregation of the types of dendritic cells (DCs) that
migrate to mesenteric lymph nodes draining the small intestine and
the colon (34). The mechanisms that mediate oral tolerance, linking
the gut to control of systemic inflammation, appear to be prevalent
in the proximal small intestine where food is first encountered in
the intestines.

Prevention of inflammatory responses to this xenobiotic load
requires that initial interactions are regulatory, consistent with the
distribution of immune cells along the intestine. The duodenum
and upper parts of the jejunum contain substantial numbers of
CD103"CD11b" DCs (32), a class of DC unique to the intestine
with a role in the generation of regulatory T cells (35).

Esterhazy et al. (36) used direct injection of antigen into
proximal and distal regions of the gut to determine the responses
generated in the associated draining lymph nodes (LNs). They
reported proximal small intestine-draining LNs preferentially
giving rise to tolerogenic responses and the distal LNs to pro-
inflammatory T cell responses.

We have unpublished results showing a related phenomenon
with EDP1815. In animal experiments on EDP1815 formulation,
Imm tablets small enough to be dosed orally to mice were given
polymer coatings that released the contents either in the proximal
small intestine or the distal ileum/colon. The results complemented
those of Esterhazy et al. (36). Only the proximal release formulation
of EDP1815 resulted in a significant systemic anti-inflammatory
effect in a T cell driven delayed-type hypersensitivity (DTH) model
of inflammation. In contrast to Esterhazy et al. there was no pro-
inflammatory effect of distal release.

Orally delivered microbial preparations showed similar
efficacy to parenterally administered dexamethasone,
suggesting the significant control that the proximal small
intestinal can exert on systemic inflammation.
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Mechanisms of inflammation
resolution via the small
intestinal axis

Descriptions of the phenomenon of systemic tolerance after
oral administration of antigens date to the early 1900s. In 1911
Wells and Osborne investigated biological reactions to vegetable
proteins (23). Whilst their primary interest was in anaphylactic
reactions to intraperitoneally administered proteins, they
commented that, “Experiments showed that continuous
feeding with a vegetable protein rendered guinea-pigs immune
to this protein, so that they could not be sensitized to it.” Thus,
over 110 years ago it was known that peripheral and gut mucosal
immune responses to the same antigen were quite different. Not
only did exposure in the gut by feeding not induce anaphylaxis,
but it actually prevented sensitization, similar to an observation
about LPS noted below (37).

Nearly 100 years later Parameswaran et al. (38) reported that
oral tolerance to OVA also elicited a protective effector response to a
recombinant OV A-expressing strain of Salmonella enterica. The
mechanism is not understood but suggests that there are intestinal
mucosa immune mechanisms which can simultaneously elicit
systemic tolerance and effector responses depending on the
context in which the antigen is seen by the host.

The host recognition contacts with foreign matter are
pattern recognition receptors (PRRs), first postulated by
Janeway in 1989 (39). We now know that there are dozens of
PRRs which integrate signals from a huge array of ligands to
modulate innate immunity. These ligand-receptor interactions
are conserved across domains of life (40). In many parts of the
body they function as “danger” signals alerting the immune
system to threat (41). However, gut mucosal immune wiring is
not the same as in the periphery. Receptors which generate
proinflammatory responses in the periphery can have opposite
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FIGURE 1
Three step model of inflammation resolution in the small intestinal axis.
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anti-inflammatory or regulatory effects when activated in the
gut. Examples are the actions of Toll-like receptors TLR4 and
TLR5 (42, 43). Agents such as lipopolysaccharide (LPS) that are
inflammatory when given intravenously can be anti-
inflammatory after oral administration (44). Indeed, repeated
oral administration of LPS can be protective against subsequent
intravenous challenge (37), reminiscent of original observations
of Wells and Osborne in 1911 (23).

The action of EDP1867 and EDP1815 in the small intestinal
axis is dependent on transfer of immune signals from the
intestine to the periphery. The mechanism of this effect has
been traced through three steps (Figure 1): first, primary
interactions with pattern recognition receptors; second,
trafficking through mesenteric lymph nodes, resulting in; third,
the generation in the periphery of circulating CD4" T-cells
whose ability to regulate inflammation can been shown by
adoptive cell transfer into untreated animals. The study of
EDP1867 mentioned above (4), experimentally elucidated this
mechanistic chain of events.

TLR2 engagement in the gut was required to initiate a
cascade of events leading to the generation of a population of
CD4" cells which have inflammation resolving effects in the
periphery. TLR2 is expressed on many immune cell types and
has a promiscuous range of ligands and functions (45). As well as
stimulating inflammation it has been reported to induce
dendritic cell mediated tolerance under some conditions (46)
and even to maintain gut barrier function enhancing immune
homeostasis (47). In our studies with orally-delivered EDP1867,
antibody-mediated blockade of TLR2 prevented the in vivo
efficacy in a mouse model of inflammation. Although we have
not yet characterized the primary target cell in the small
intestine, this demonstrates that TLR2 is at least one of the
molecular targets required to mediate systemic effects, and that
the relevant cells bearing TLR2 are likely to be more abundant in
the proximal intestine. Subsequent unpublished studies
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comparing the pharmacology of a range of microbial strains,
extracellular vesicles (EVs), and an orally delivered TLR2 agonist
have revealed that TLR2 engagement is necessary but not
sufficient for the systemic anti-inflammatory effect.

Mesenteric lymph nodes (MLN) are the critical interface
between gut mucosal and peripheral immunity. If lymphocyte
trafficking through MLNs is blocked using a cocktail of anti-
integrin antibodies against 0437 (LPAM-1) and CD62L, then
there is no signal transfer from the gut to the periphery, and no
efficacy of EDP1867. The anti-integrins do not, themselves,
block the inflammatory response. This provides key evidence
that immunological signals in the gut have a route to the
periphery. This requirement for MLN trafficking to regulate
peripheral inflammation by signals in the gut is an interesting
inverse to the efficacy of vedolizumab in the treatment of
inflammatory bowel diseases (48, 49). Vedolizumab is an
antibody that prevents lymphocyte trafficking to the gut by
blocking human 47, leading to a reduction in bowel
inflammation, the inverse effect to our observations of
signalling from the gut to the periphery.

We next determined the peripheral cellular effect of the
primary events in the gut and MLNs. Consistent with earlier
reports on tolerance induced by gliadin and PSA (26, 50),
treatment with EDP1867 led to the generation of a population
of CD4" T cells that could adoptively transfer the inflammation
resolving effect from donor animals treated with EDP1867 to
naive recipient animals which had a subsequent challenge. This
is also the case for animals treated with EDP1815 (manuscript in
preparation). Whilst the generation of therapeutically effective T
cells in donors was TLR2-dependent, their anti-inflammatory
effector function in recipients was not. The converse was the case
for IL-10, which was not required in the donors but was for
effector function in recipients. This T cell dependent mechanism
results in long-lasting effects weeks after the cessation of
treatment. This was a breakthrough finding, both in
understanding the immune mechanism resulting in the
peripheral anti-inflammatory effects, and for the therapeutic
potential of this approach. By engaging oral tolerance
mechanisms, the small intestinal axis can generate circulating
T cells with regulatory function which induce generalized
inflammation resolution without any apparent adverse effects
in either preclinical or clinical studies to date.

Since the publication on EDP1867 we have observed that the
anti-inflammatory T cells induced via the small intestinal axis
are noncanonical FoxP3™ CD4 cells. Although differing from
most reports of Tregs, this fits with a growing literature on
FoxP3-independent T cells that nevertheless have regulatory
functions. Van der Veeken et al. (5) reported a peripheral Treg
transcriptional program which is induced by events in the
intestine and is independent of FoxP3. Hong et al. (26)
described populations of noncanonical helper T cells which
appear to mediate non-responsiveness to oral gliadin. Sefik
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et al. (51) observed a distinct population of RORY" T-cells
induced by intestinal symbionts. Johnson et al. (50, 52)
reported that capsular polysaccharide A from B. fragilis
induced T cells capable of regulating airway hyperreactivity
that are not canonical FoxP3" Tregs. This latter report is
particularly interesting because it showed that a non antigen-
specific systemic anti-inflammatory agent acting in the gut could
regulate the OVA antigen specificity used to generate
airway inflammation.

What mediates microbial function
within the small intestinal axis

Microbial and eukaryotic cells shed lipid nanoparticles
which comprise part of the cell membrane and cytoplasmic
molecular contents, variously known as extracellular vesicles,
outer membrane particles, or exosomes. These may be the major
mediators of inter-cellular communication (53-55). Unlike the
cells themselves, they are small enough for Brownian motion
(56) which enables them to diffuse across the local
microenvironment to signal to neighboring cells and tissues.

Most preparations of microbes contain EVs. Being sub-
microscopic they are not generally tracked. The earliest
descriptions of bacterial EVs by electron microscopy were in
the 1960s (57, 58). It is now emerging that the EVs may mediate
biological effects which have been ascribed to microbial cells.
Thus oral delivery of EVs of Akkermansia muciniphila was
protective in a mouse model of DSS colitis (59) and also able
to improve gut permeability with possible benefits in a range of
metabolic diseases (60), activities that have been attributed
previously to the microbe itself.

EDP1867 contains EVs. When the EVs were separated from
the microbial cells and independently tested in an in vivo model
of DTH, the purified EVs exhibited the full anti-inflammatory
effects that were observed in the microbial preparation
containing both cells and EVs. All of our mechanistic
observations on the signaling path from gut to periphery are
common to EV and microbial preparations. Although roughly a
thousand-fold smaller in volume than the parent microbial cells,
we have been unable to detect them outside of the gut in our
studies after oral administration suggesting that their primary
site of action is the intestinal mucosa. In a direct comparison,
EVs resolved systemic inflammation after oral but not
intravenous or intraperitoneal administration.

Taken together, we have observed systemic anti-
inflammatory effects that depend on primary interactions in
the small intestine with both non-viable microbial cells and EV
preparations that cannot colonize the gut microbiome. Since
EVs are not living entities, they provide the clearest evidence for
a drug-type rather than a microbiological-type mechanism,
likely using the potent mechanisms required for normal food
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tolerance. The pharmacology cannot be attributed to a probiotic
type of action.

A point to note is that the functional activities of bacteria
and EVs in host interactions are often attached to taxonomic
names, from species up to phylum level. There is not a
sufficiently meaningful definition of a bacterial species (61) to
allow function to be clearly associated with taxonomy. The
variability within what is classed as a species is sufficient for
the biology of interactions with the immune system to differ even
between strains of the same species. Bacterial function in the gut-
immune axis must be defined at the level of the individual clonal
strain as much as by taxonomy.

Clinical potential of targeting the
small intestinal axis

The broad-spectrum and potent inflammation resolving
activity described above in animal models, supported by the
CD4 T cellular mechanism of action, has the potential to
translate to humans to address the unmet clinical needs of
people with immune-mediated inflammatory diseases (IMID).
Despite significant recent therapeutic advances, immune
homeostasis is not restored in a large majority of IMID
patients nor is remission achieved sufficiently often.

Our observations, interpreted in light of the many
contributions cited in this article, suggest a path to solving
Pabst and Mowat’s dilemma of the differential immunological
effects of the upper and lower gut by delivering components of
microbes to the proximal tolerogenic regions at pharmacological
doses. This is supported by a weight of preclinical data, and now
clinical trial results which are in preparation for publication.
EDP1815 has to date been administered to over 700 people,
including patients with psoriasis, atopic dermatitis or COVID-
19. Encouraging efficacy has shown that this principle of
addressing gut tolerance mechanisms with a mucosal
microbial preparation can have effects in humans. A phase 2
study produced clinically meaningful outcomes amongst 250
patients with mild and moderate psoriasis (62). Another phase 2
study in 400 patients with atopic dermatitis is under way. There
have been no safety or tolerability issues in studies to date that
differ from placebo controls. These agents can be manufactured
at large scale and reasonable cost, which establishes the potential
of a new class of effective, safe and affordable oral anti-
inflammatory medicines.

Concluding remarks

We have described effector functions of killed mucosal
microbes and their EV constituents acting on the small
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intestinal axis to resolve systemic inflammation without
systemic exposure. Gut mucosal immunity not only regulates
tolerance to food and gut contents, but it is also a significant
factor in maintaining systemic non-inflamed homeostasis
without compromising parenteral immunity to pathogens. As
well as contributing to the understanding of the gut-immune
axis, our observations suggest the possibility of a major advance
in the treatment of inflammatory diseases.
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