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ABSTRACT
It has been widely demonstrated that tolerance against gut microbiota is compartmentalized to
mucosal sites where microbes mostly reside. How the commensal bacteria are excluded from the
entrance into the blood stream via intestinal capillaries that are located beneath the gut epithelium
was not clear. We recently described the existence of a new anatomical structure, the ‘gut vascular
barrier’ (GVB), both in murine and human intestines that plays a fundamental role in avoiding
indiscriminate trafficking of bacteria from the gut into the blood circulation. The vascular barrier
integrity could be altered by Salmonella typhimurium, a pathogen capable of systemic
dissemination, through the modulation of the Wnt/b-catenin signaling pathway. Here we have
analyzed the differences in gut endothelial gene expression profiles during Salmonella infection and
have identified some interesting characteristics of endothelial to mesenchymal transition. These
findings add new insights in the gut-liver axis.
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The intestine is continuously exposed to a huge
amount of foreign antigens, mostly food proteins and
commensal microorganisms. These harmless antigens
induce oral tolerance, which is however different
when considering gut bacteria or food antigens. Toler-
ance to food proteins affects both local and systemic
immune responses1 indeed fed soluble antigens can
gain access to the lymphatics to reach the mesenteric
lymph nodes (mLN)2 and the blood stream to reach
the liver3 where oral tolerance is established. By con-
trast, gut microbes are confined at mucosal sites by
the mLNs that function like a firewall avoiding the
spreading of intestinal microflora through the thoracic
duct into the blood circulation.4-6 Therefore at steady
state the systemic immune system is left ignorant to
the microbiota. Only during intestinal pathology bac-
teria can reach the liver that acts as a firewall prevent-
ing the bacteria from spreading to other systemic
sites.7

How the microbiota recirculates through the lym-
phatics has been widely studied, while how intestinal
bacteria are excluded from the blood circulation was
completely unexplored, even though it is known that
intestinal capillaries are located just underneath the
epithelial layer whereas the lymphatics are much
deeper in the lamina propria.

In our recent work, we hypothesized the existence
of a barrier at the endothelial level, the ‘gut vascular
barrier’ (GVB),8 that similarly to the blood brain bar-
rier (BBB) is able to control the type of antigens that
can translocate into the blood stream and that is not
permissive to bacterial penetration.

Drawing a parallelism between the well-known BBB
and the newly identified GVB many similarities can be
found. Both are able to avoid the indiscriminate move-
ment of molecules, cells and bacteria from blood to the
brain parenchyma in the BBB and from the intestinal
lumen into the blood circulation in the case of the GVB.
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Besides these analogies, the BBB and GVB display many
different characteristics due to the fact that these two
endothelia should fulfill distinct functions. For instance,
the BBB should avoid the uncontrolled movement of
any substances from the blood into the brain paren-
chyma to protect the CNS from the constantly changing
milieu of the blood stream.9 For this reason, the BBB is
characterized by a continuous endothelial layer without
fenestrations and with low pinocytic activity and by
junctional complexes formed by tight (TJ) and adherens
junction (AJ) proteins which limit paracellular and
transcellular trafficking through the endothelial cell
layer.10 To allow the delivery of nutrients in the paren-
chyma and the exclusion of toxin, the brain endothe-
lium is equipped with specific transporters expressed in
a polarizedmanner.11,12

By contrast, the intestinal endothelium is perme-
able to nutrients, due to the absorptive function of the
gut. Indeed we have shown by intravital imaging that
small molecules such as 4 KDalton (KDa) dextran
could extravasate the intestinal capillaries, however,
under steady-state, molecules bigger than 70 KDa
could not pass the endothelium. This functional
observation suggests that also in the gut, endothelial
permeability is regulated and therefore that the endo-
thelial layer has barrier properties.

To characterize the gut endothelial barrier we firstly
analyzed the expression of TJ and AJ proteins.We found
that, similar to the cerebral endothelium, intestinal endo-
thelial cells (ECs) express the main components of TJs,
namely occludin, JAM-A, claudin-12, as well as the cyto-
plasmic proteins ZO-1 and cingulin, together with VE-
cadherin and junctional b-catenin, the main compo-
nents of the AJs. To further characterize the endothelium
of the GVB we purified ECs from small intestine of C57/
BL6 mice using fluorescence-activated cell sorting
(FACS) and we analyzed the transcriptional profile of
CD45¡CD31CCD105CLYVE1¡ blood endothelial cells.
Performing a whole transcriptome profiling (Illumina
RNA-seq) we have identified a set of genes with high
expression in the purified population. As shown in
Table 1, as expected, among all the genes expressed by
the gut ECs there are many genes belonging to tight and
adherens junctionmolecules, some of them also involved
in signaling cascades, and to different classes of trans-
porters (such as ATP-binding cassette (ABC) and sugar
transporters).While the expression of some of these pro-
teins, such as claudin (cldn)-12, occludin (ocln), cingulin
(cgn), b-catenin (ctnnb1) has been validated by immuno-
fluorescence, the expression of other genes needs to be
further analyzed. The transcriptome analysis provides
also new insights on how gut endothelium participates

Table 1. Transporters and junctional proteins expressed in gut endothelial cells. Gene list of transporters and adherens and tight junction
proteins with an expression value greater than 140 (normalized read count) in CD45¡CD31CCD105CLYVE1¡ gut blood endothelial cell.

ABC transporters
Sugar

Tansporters
Tight

Junctions
Adherens
Junctions

ABCA1 ATP5F1 AQP3 AMICA1 F11R ABI2 GM609
ABCA2 ATP5L M6PR AOC1 FZD5 ACTN1 ITGA6
ABCA9 ATP5O SLC23A2 ARHGAP17 IGSF5 APC JUP
ABCB1A ATP6AP1 SLC2A1 ARHGEF2 INADL CADM1 KEAP1
ABCB7 ATP6V0A1 SLC2A3 ASH1L LIN7C CD200 LMO7
ABCB8 ATP6V0A2 SLC2A6 CCND1 MPP5 CD226 LYN
ABCC1 ATP6V0B SLC35A1 CDK4 MPP7 CDH1 MLLT4
ABCC3 ATP6V0C SLC35A2 CGN MTDH CTNNA1 MYH9
ABCD1 ATP6V0D1 SLC35A3 CLDN12 OCLN CTNNB1 NDRG1
ABCD3 ATP6V0E SLC35A4 CLDN15 PARD3 CTNND1 PARD3
ABCG1 ATP6V0E2 SLC35A5 CLDN2 PARD3B DAG1 PKP3
ABCG2 ATP6V1A SLC45A4 CLDN23 PARD6A DLG1 PVR
ABCG8 ATP6V1C1 SLC5A1 CLDN3 RAP2B DSC2 RDX
ANXA5 ATP6V1D CLDN4 RAP2C DSP SMAD7
ATP13A2 ATP6V1E1 CLDN7 STRN FLOT1 SPTAN1
ATP1A1 ATP6V1F CRB3 TGFBR1 FLOT2 ZYX
ATP1A3 ATP6V1G1 CXADR TJAP1
ATP1B1 ATP6V1H CYTH1 TJP2
ATP1B3 ATP7A DDX58 UBN1
ATP2A2 CFTR DLG1 VAPA
ATP2B1 CPOX ECT2 VASP
ATP2C1 IPO8 EPCAM WNK4
ATP5A1 PCYOX1 ESAM
ATP5B TAP1
ATP5C1 TAP2
ATP5D TCIRG1
ATP5E
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to the metabolism and transport of nutrients and other
molecules of intestinal origin. Furthermore, the discov-
ery of transporters expressed on the GVB could be
important for therapeutic purposes.

It has been widely demonstrated that in the BBB the
ECs are strictly associated with pericytes, neurons, micro-
glia and astrocyte endfeet that altogether constitute the
neurovascular unit (NVU), essential for central nervous
system homeostasis.11,13,14 Similarly, we found that in
bothmouse and human small intestines, blood capillaries
are associated to pericytes stained with desmin and
enteric glial cells identified with GFAP marker, together
forming the “gut-vascular unit” (GVU) (Fig. 1). The
influence of these cells on the integrity of the GVB still
remains to be elucidated. There is evidence that high-
lights the importance of enteric glial cells in intestinal
homeostasis. For instance, mice lacking GFAPC cells die
for fulminant jejuno-ileitis characterized by massive
destruction of the epithelial layer together with microvas-
cular disturbances that result in bacterial spreading into
the blood circulation.15,16 Whether gut glial cells may
influence endothelial barrier function, resembling the
astrocytes in the brain, is unknown. This possibility is
supported by the finding that transplantation of enteric
glia into the damaged spinal cord accelerates the repair of
vasculature at the site of injury and the induction of bar-
rier properties.17 Together with enteric glia also pericytes
could be involved in barrier development. Indeed it has
been demonstrated that pericytes are necessary for the
stabilization of BBB vessels since mice that lack the plate-
let-derived growth factor-b (PDGF-b) signaling, required
for pericyte recruitment in the brain, show ECs hyperpla-
sia, increased vessel diameter and expression of “leaky”
vascular barrier markers.18,19

In the intestine the role of the vascular barrier is to
exclude the entrance of bacteria or other unwanted

molecules that have translocated from the gut lumen
into the systemic circulation. In our previous work, we
have demonstrated that the GVB is a functional bar-
rier because, similarly to the BBB, Plasmalemma Ves-
cicle Associated Protein-1 (PV1, encoded by the plvap
gene), marker of “leaky” endothelial barriers, is
expressed at low levels at steady-state.18,19 PV1 is a
transmembrane glycoprotein that has been localized
to caveolae and trans-endothelial channels of systemic
fenestrated capillaries where it regulates vascular per-
meability.20–22 Furthermore, it has been recently
shown that PV1 is not only expressed on blood vessels
but also on lymphatic endothelial cells where it forms
a physical filter that modulates the passage of soluble
antigens and the transmigration of lymphocytes.23

Interestingly, we found that the expression of PV1 is
up-regulated on blood capillaries upon infectionwith Sal-
monella typhimurium, an enteric pathogen known to dis-
seminate systemically.24 The increase in PV1 expression
on ECs correlates also with Salmonella dissemination to
systemic sites, with higher serum levels of alanine transa-
minases (ALT), used as indicators of liver damage, and
with an increased extravasation of large molecules out of
the intestinal capillaries indicating endothelial leakiness.

A central role for the differentiation and maintenance
of the BBB is played by the canonical Wnt/b-catenin sig-
naling pathway.25–27 During development, the Wnt sig-
naling pathway is activated and induces BBB maturation
through the up-regulation of claudin-3 and the concomi-
tant decrease of PV1 expression.28

Since PV1 modulation is regulated by Wnt/b-cate-
nin pathway and we found that Salmonella is able to
induce PV1 expression, we hypothesized that b-cate-
nin activation may be also involved in the mainte-
nance of the GVB and that Salmonella may be capable
of interfering with this pathway. From in vitro studies,

Figure 1. The Gut Vascular Unit. Confocal images of C57BL/6 mice intestine stained with CD34 (green) to identify blood endothelium
and GFAP (red), marker of enteric glial cells (left panels; scale bars: 20 and 10 mm) or desmin (red) that marks perycites (scale bar
50 mm). In each section, nuclei were stained with DAPI (blue). Both cell types are in close proximity to CD34-positive endothelial cells,
that together for the gut-vascular unit (GVU).
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we found that the expression of Axin2, a known target
gene of active b-catenin,29 is reduced upon infection
with S. typhimurium indicating that it could regulate
Wnt/b-catenin pathway. Moreover we found that Sal-
monella pathogenicity islands (Spi) 2 type three-secre-
tion systems (TTSS) is involved in modulating
b-catenin activation.

To definitively prove the role of the Wnt/b-catenin
signaling pathway in the maintenance of the GVB integ-
rity we used Cdh5(PAC)-CreERT2 mice30 crossed with
b-cateninlox(ex3)/lox(ex3) mice.31 Crossing these mouse
strains we obtained an inducible b-catenin gain-of-func-
tion mouse model in which, upon tamoxifen treatment,
in VE-cadherin expressing endothelial cells exon 3 is
excised from b-catenin gene and therefore it becomes
constitutively active. Using this model we found that
when b-catenin is constitutively activated in ECs, mice

are more resistant to Salmonella infection since they
show lower systemic dissemination. Consistently, in
b-catenin gain-of-function mice upon Salmonella chal-
lenge neither PV1 expression is induced norGVB perme-
ability is increased.

With our in vitro and in vivo studies we have demon-
strated that the Wnt/b-catenin signaling pathway plays
an important role in GVB integrity maintenance. How-
ever it cannot be excluded that othermolecularmediators
could be involved in this process. To have a better
insight into the signaling pathways deregulated dur-
ing GVB injury, we orally challenged mice with S.
typhimurium and after 6 hours we isolated and puri-
fied CD45¡CD31CCD105CLYVE1¡ blood endothe-
lial cell by FACS sorting and we analyzed their
transcriptional profile using Illumina sequencing.
The differential expression analysis comparing ECs

Figure 2. Heat map from hierarchical clustering representing DEGs belonging to SHH pathway. CD45¡CD31CCD105CLYVE1¡ blood
endothelial cell were purified by FACS sorting from small intestine of mice orally infected with S. typhimurium for 6 hours. Differential
expression analysis was performed to investigate DEGs between infected and untreated mice. The analysis was carried out using DESeq2
R package. After read counts normalization across the samples, the expression of each gene was tested between the two conditions and
to avoid false positive expression due to technical sequencing errors only high-quality transcript counts have been analyzed (filter tran-
script with 0 read count). DEGs with corrected p-value (FDR) less than 0.05 were considered as statistically different between the two
conditions. The heat map shows DEGs that are annotated as SHH pathway genes according to Gene Ontology from MGI (GO:0007224).
Red upregulated DEGs and blue down-regulated DEGs. NTDuntreated.
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from untreated and infected mice revealed a signifi-
cant enrichment of differential expressed genes
(DEGs) belonging to the Hedgehog (Hh) targets. To
understand whether the Sonic Hedgehog (SHH)
pathway is modulated after infection we performed a
functional analysis using our DEGs list on Mouse
Genome Informatics (MGI) Gene Ontology (GO).
The results confirmed the involvement of SHH path-
way (GO:0007224; corrected p-value: 9.8£10¡03)
since we found 17 modulated genes (13 up- and 4
down-regulated) (Fig. 2). The SHH pathway has been
described as relevant for BBB establishment and in
other adult tissues it is involved in vascular prolifera-
tion and tissue repair.32 The inactivation of SHH sig-
naling in ECs leads to a decrease in the expression of
TJ proteins and to a higher leakage of plasma

proteins indicating an increase in vascular permeabil-
ity.33 Interestingly, it has been shown that together
with a barrier-promoting effect, activation of the
SHH pathway favors the immune quiescence of BBB
by reducing the expression of pro-inflammatory cyto-
kines and leukocyte transmigration.33 In the gut,
SHH signaling is necessary for the formation of villi
during development and has homeostatic functions
in the adult34,35 indeed Hedgehog ligands, produced
mainly by the epithelium, act on mesenchymal cells
(smooth muscle cells, myofibroblast-like cells and
pericytes located in the lamina propria) and they
function as signals to assess epithelial barrier integ-
rity. Our new data suggest an involvement of the
SHH pathway also in the maintenance of the GVB
but further investigation is required.

Figure 3. Hallmark molecular functions enriched in endothelial cells upon Salmonella infection. The bars plot shows the statistically sig-
nificant GSEA Hallmark gene sets (FDR<0.05) that were found enriched in correlation (red bars) or inverse correlation (blue bars) with
infected phenotype. The genes were ranked using the Signal2Noise metric (available in GSEA) by taking as reference the treated sam-
ples. Gene sets with a FDR lower than 0.05 have been considered statistically significant. The bars were ordered by normalized enrich-
ment score (NES) that indicates the strength of the enrichment.
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To explore whether other biological processes
correlated to Salmonella infection, we performed a
Gene Set Enrichment Analysis (GSEA) using the
Hallmark gene sets, a comprehensive list of genes
covering the principal molecular functions. From
this analysis we found that, unexpectedly, genes
involved in the inflammatory immune response
were highly downregulated in ECs after infection.
Instead, genes belonging to the coagulation cascade,
bile acid metabolism, angiogenesis and epithelial/
endothelial to mesenchymal transition were posi-
tively correlating with the infection (Fig. 3). Among
the significantly enriched gene sets related to Salmo-
nella infection the pathway with the greatest nor-
malized enrichment score (NES) is the endothelial
to mesenchymal transition (Fig. 3). By analyzing the
gene list used for the core enrichment of this path-
way, we found that more than 50% (58 out of 103
genes) of those genes were also upregulated DEGs
during differential analysis (Fig. 4).

Endothelial to mesenchymal transition (EndoMT)
is a process in which the endothelium loses endothe-
lial cell markers, such as CD31 and VE-cadherin, and
acquires mesenchymal characteristics, such as
a-smooth muscle actin and vimentin.36 EndoMT is an
essential mechanism of development of different
organs but it has also been described in different dis-
eases such as cardiac fibrosis, metastatic cancer, retina
diabetes and sepsis.36–38 Interestingly, meningeal
pathogens, such as group B Streptococcus, are able to
induce EndoMT in the BBB activating Snail1 which
represses tight junction protein gene expression
resulting in an increased bacterial penetration into the
brain parenchyma.39 Similarly, we found that Snail2,
another important transcription factor driving
EndoMT,36 is up-regulated by Salmonella infection in
purified gut endothelial cells together with genes char-
acteristic of mesenchymal cells, such as a-smooth
muscle actin (Acta2) and several genes encoding for
extracellular matrix proteins characteristic of fibrosis

Figure 4. Heat map from hierarchical clustering representing DEGs in EndoMT pathway. The heat map shows DEGs that were used for
core enrichment computation for EndoMT gene set in GSEA. All DEGs in the core enrichment were up-regulated (red tiles) upon
infection.
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including fibronectin (Fn1), tenascin-C (TnC) and
type-I collagen (Col1a1, Col1a2) (Fig. 4). Thus, these
data suggest that Salmonella could use the EndoMT
process to dismantle the gut endothelial barrier and
favor its systemic dissemination.

Finally, in our previous work we have evaluated
whether GVB disruption could be involved in human
pathology and in particular in celiac disease. We ana-
lyzed the GVB in intestinal biopsies isolated from
patients following a gluten-free diet and displaying
increased transaminases levels and we found that
patients with high transaminases have a higher expres-
sion of PV1 compared with those with normal circu-
lating liver enzymes. These data suggest that GVB
modifications could be responsible for liver damage,
which may be due to increased translocation of bacte-
ria/bacterial products from the intestine. Additionally,
we can exclude that liver damage can cause GVB dis-
ruption because if we treat mice with concanavalin A
to induce strong liver inflammation we do not detect
any significant upregulation of intestinal PV1.

Together with celiac disease, GVB functional
impairment could be involved in other human diseases.
For instance, it was shown that in inflammatory bowel
disease (IBD) patients there is an increased intestinal
vascular permeability that leads to tissue edema and
damage.40 Interestingly, the alteration of the vascular
permeability in IBD patients is not restricted to the
intestinal vessels but affects also the vasculature of other
organs such as the brain41 indicating that GVB
impairmentmay also have systemic effects.

Conclusions

In our recent work we have demonstrated the exis-
tence of a GVB in the gut with morphological and
functional characteristics similar to the BBB.

We found that, similarly to the BBB, Wnt/b-catenin
signaling pathway is responsible for GVB mainte-
nance inhibiting vascular permeability and bacterial
invasion. However it is still unknown how S. typhimu-
rium disrupts the GVB either via endothelial junction
deregulation or through the formation of caveolae
where PV1 is localized. Moreover, it remains to be
established if Salmonella acts directly on endothelial
cells or whether mediators released upon infection by
the epithelium, pericytes or enteric glial cells that
strictly interact with intestinal endothelium, could
drive the effect on ECs. Together with Wnt/b-catenin

signaling, other molecular pathways, that we have
started to discover through the whole transcriptome
analysis of isolated gut ECs, can be also involved in
GVB establishment. We found that the activation of
other signaling pathways such as SHH signaling as
well as EndoMT might be exploited by Salmonella to
dismantle the GVB and disseminate systemically.

Our published data on GVB impairment in celiac
disease patients with elevated serum transaminases
also indicate that gut endothelial barrier modifications
may be responsible for liver damage in pathological
conditions. Therefore, the identification of a GVB
opens a new area of research on the gut/liver axis.
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