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Abstract

The physical and immunological properties of the human intestinal epithelial barrier in aging are largely unknown.
lleal biopsies from young (7-12 years), adult (20-40 years) and aging (67-77 years) individuals not showing
symptoms of gastrointestinal (Gl) pathologies were used to assess levels of inflammatory cytokines, barrier
integrity and cytokine production in response to microbial challenges. Increased expression of interleukin (IL)-6, but
not interferon (IFN)y, tumour necrosis factor (TNF)-« and IL-18 was observed during aging; further analysis showed
that cluster of differentiation (CD)11c* dendritic cells (DCs) are one of the major sources of IL-6 in the aging gut
and expressed higher levels of CD40. Up-regulated production of IL-6 was accompanied by increased expression of
claudin-2 leading to reduced transepithelial electric resistance (TEER); TEER could be restored in in vitro and ex vivo
cultures by neutralizing anti-IL-6 antibody. In contrast, expression of zonula occludens-1 (Z0-1), occludin and
junctional-adhesion molecule-A1l did not vary with age and overall permeability to macromolecules was not affected.
Finally, cytokine production in response to different microbial stimuli was assessed in a polarized in vitro organ
culture (IVOC). IL-8 production in response to flagellin declined progressively with age although the expression and

distribution of toll-like receptor (TLR)-5 on intestinal epithelial cells (IECs) remained unchanged. Also,
flagellin-induced production of IL-6 was less pronounced in aging individuals. In contrast, TNF-o production in
response to probiotics (VSL#3) did not decline with age; however, in our experimental model probiotics did not
down-regulate the production of IL-6 and expression of claudin-2. These data suggested that aging affects
properties of the intestinal barrier likely to impact on age-associated disturbances, both locally and systemically.
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INTRODUCTION

A hallmark feature of aging is immunosenescence and the func-
tional decline of the adaptive and innate immune system resulting
in compromised immunity to microbial pathogens and increased
frequency of cancer [1,2]. These are accompanied by an im-
balance between inflammatory and anti-inflammatory networks,

resulting in low-grade chronic inflammation termed inflamma-
ging [3]; converging evidence led to the suggestion that events
in the gastrointestinal (GI)-tract that involve interaction between
the various components of the epithelial barrier and intestinal
microbiota might play a central role in this process [4]. However,
currently our knowledge of the effects of aging on the physical
and immunological properties of the intestinal epithelial barrier

Abbreviations: CD, cluster of differentiation; CM, conditioned medium; CMap, CM from culture of adult biopsies; CMag, CM from culture of aged biopsies; CMy, CM from culture of
young biopsies; ctk, cytokeratin; DC, dendritic cell; Gl, gastrointestinal; HRP horseradish peroxidase; HSD, honest significance difference; IEC, intestinal epithelial cell; IFN, interferon;
IL, interleukin; IVOC, in vitro organ cultures; JAMA-1, junctional adhesion molecule A 1; np, non polarized; p, polarized; RT, real-time; TEER, transepithelial electric resistance; TJ, tight

junction; TLR, toll-like receptor; TNF, tumour necrosis factor; ZO-1, zonula occludens-1.
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is very limited. Most importantly the lack of knowledge is par-
ticularly profound in humans [5]. The gut is the primary and
largest area of contact with environmental factors and antigens
and contains the largest number of immune cells in the body
and the intestinal barrier is integral to Gl-defence in prevent-
ing or limiting exposure of the host and its immune system to
luminal antigens. It is made up of several integrated and inter-
active components that are physical (the epithelium and mucus),
biochemical (enzymes, anti-microbial proteins), immunological
(secretory IgA and epithelia-associated immune cells) and mi-
crobial (the microbiota) in Nature [6]. Maintaining barrier in-
tegrity is therefore essential for health and defects in intestinal
barrier function can lead to persistent immune activation and are
known to contribute to the pathogenesis of intestinal diseases
including coeliac disease, colorectal cancer and inflammatory
bowel disease [6]. However, disturbances of the barrier of the GI-
tract might have consequences far beyond the gut. This notion
is highlighted by the recent observations that systemic disorders,
ranging from diabetes [7] to major depression [8] and also de-
generative disorders of the central nervous system (CNS) such as
Parkinson’s disease [9] and multiple sclerosis (MS) [10] might
be linked to events occurring in the intestine. The importance of
a well-functioning intestinal barrier is further stressed by stud-
ies in Drosophila demonstrating that impairment of intestinal
barrier function predicted age-onset mortality [11]. Among the
various components of the epithelial barrier the gut epithelium
plays a pivotal role. Although the primary task of the epithelium
is to provide a barrier against macromolecules and pathogens, it
also plays a key role in establishing and maintaining the intest-
inal immune homoeostasis and responding rapidly to microbial
exposure, thus making it a central element of the innate im-
mune system. In a steady-state situation intestinal epithelial cells
(IECs) secrete cytokines that control the immune intestinal ho-
moeostasis by inducing anti-inflammatory dendritic cells (DCs)
and T-regulatory cells [12,13]. In contrast, the presence of patho-
genic stimuli causes IECs to release rapidly pro-inflammatory
factors, such as interleukin (IL)-8 (CXCL-8), monocyte chemoat-
tractant protein (MCP)-1 (CCL2) and macrophage inflammatory
protein (MIP)-3« (CCL20) [14,15] that provide the first line of
defence against invading microorganisms. Thus, age-associated
changes of epithelial innate immunity might have profound ef-
fects on both local and systemic immune responses. The aim of
the present study was to investigate age-associated changes of
levels of inflammatory/regulatory cytokines and their impact on
epithelial barrier integrity in the small intestine (terminal ileum)
and to assess the effect of aging on intestinal epithelial immunity
to different types of microbial stimuli.

MATERIALS AND METHODS

Subjects and biopsies

Terminal ileum biopsies (up to eight biopsies/individual) were
obtained, with fully informed consent and ethical approval dur-
ing routine endoscopy of patients for preventive screening or
diagnostic purpose. Donors, 31 adult (20—40 years old); 32 aging

(6777 years) and 19 young (7—12 years) individuals were con-
sidered to be healthy when not showing symptoms suggesting GI
inflammatory disease/cancer during endoscopy and histology en-
doscopic inspection and later confirmed when routine histology
excluded inflammation and neoplasia. Work has been carried out
according to the Declaration of Helsinki (2013) and has been
approved by the appropriate Ethics Committee (Comitato Etico
Area Vasta Sud-Est, Italy and HRGC, Norwich, UK.). All pa-
tients provided written informed consent (parental consent for
children). Subjects had not been under medication for at least 3
months before the endoscopy (including antibiotics, immunosup-
pressants and steroids). Details of how biopsies were processed
for the different types of experiment can be found in Supplement-
ary Materials and Methods.

Paracellular permeability

Biopsies were mounted in adapted Ussing chambers exposing
a surface of 2.0 mm?2. Tissues were immersed in Krebs’ solu-
tion as described before [16] that was constantly oxygenated
by a gas flow (95% O,; 5% CO,) and maintained at 37°C.
Two pairs of Ag/AgCl electrodes were used to monitor the
transmucosal potential difference (PD) and short circuit cur-
rent (I;.) that were used to calculate transmucosal resistance ac-
cording to Ohm’s law. Subsequently the solution was replaced
with Krebs’ solution containing horseradish peroxidase (HRP
type 1I; Sigma—Aldrich) and transmucosal transport was carried
out as described [16]. Samples were collected at 20-min inter-
vals for 100 min; following incubation with the appropriate liquid
substrate, 3,3',5,5-tetramethylbenzidine (TMB) Liquid Substrate
System for ELISA (Sigma—Aldrich) the reaction was stopped
with H,SO,4 and samples read at 450 nm. Transepithelial electric
resistance (TEER) was also assessed in Caco-2 cells in the pres-
ence or absence of conditioned medium (CM) from cultures of
biopsies from the three donor groups. The cells were seeded on
to the upper face of transwell inserts (6.5 mm diameter, 3.0 um
pore size, Corning, Costar) and grown on the filters for 14 days at
37°C, 5% CO,, until fully differentiated. TEER was monitored
at various intervals (Millicell-ERS, Millipore) in the presence or
absence of CM obtained from biopsy cultures.

In vitro organ cultures

Non polarized (np)-in vitro organ culture (IVOC) biopsies were
mounted on foam support, the foam was saturated with a
bicarbonate-buffered culture medium consisting of Dulbecco’s
minimum essential medium and NCTC-135 medium (1:1) with
10 % newborn calf serum plus 0.5 % (w/v) b-mannose (all chem-
icals supplied by Sigma) [17]. Samples were then placed in a
24-well culture plate (Costar), covered, placed inside a larger
container and continuously gassed with 95% 0,-5% CO,, at
37°C. The polarized (p)-IVOC was a modified version of pre-
viously described methods [18,19]. Terminal ileum biopsies of
standard size were placed mucosal side up on a IVOC-medium
soaked nitrocellulose filter (3 wm pore) and this was sandwiched
between two 12-mm diameter acrylic glass [or polyvinyl chloride
(PVC)] disks; with the upper disk provided with a 2-mm opening
prepared in house by workshops at both University of Siena and
Norwich Bioscience Institute. This was then accommodated into
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a modified Snapwell chamber (Corning). To avoid antigen and
microbial leakage to the basolateral side the upper disc was glued
to the mucosal side of the biopsy by histoacryl adhesive.

Immunohistochemistry

Frozen sections were fixed in 10% buffered formalin for 5 min
and permeabilized with 0.5% Tween-20 for 10 min. After rins-
ing sections were incubated overnight at 4°C with rabbit anti-
TLRS (toll-like receptor); (Invitrogen; gift from S. Schueller),
quenched with 10% donkey serum and incubated with don-
key Cy2-conjugated anti-rabbit IgG (Jackson Immunoresearch)
for 60 min. Alternatively, sections were stained with rabbit anti-
claudin 2 antibody (Life Technologies) followed by incubation
with FITC-labelled anti rabbit IgG antibody (Sigma) and counter-
stained with mouse anti-pan cytokeratin (ctk) antibody (Sigma)
followed by incubation with Cy3-conjugated anti-mouse IgG an-
tibody (Jackson Immunoresearch). The primary antibody was not
added to control sections. Sections were observed with a Zeiss
LSM 710 or 510 confocal microscope.

Preparation of conditioned medium from biopsy
culture

Immediately after removal, biopsies were placed in a plastic tube
containing 1 ml of IVOC medium and kept in 95 % O,—5% CO,
atmosphere at 37°C for 5-6 h. Following centrifugation (250
g for 15 min) the CM was filtered sterile with centrifuge tube
filters (0.22 pm), aliquoted and stored for no more than 10 days
at —80C° until used.

Effects of CM on biopsies and cell culture

The effects of mucosa-derived soluble mediators present in the
CM on tight junction (TJ) expression and intestinal permeability
were then assessed in both np-IVOC of biopsies and Caco-2 cells.
Biopsies were cultured in np-IVOC for 1012 h in the presence
of CM and the medium was replaced with fresh solution every
3—4 h. Caco-2 cells were cultured in the presence of CM for
up to 36 h and TEER monitored at various intervals. CM was
added to both compartments of the trans-well culture and its
volume normalized to the weight of biopsies. In some case, CM
was pre-incubated with various concentrations of either anti-IL-
6, anti-IL-18 or anti-TNF (tumour necrosis factor)-« antibodies
for 3 h at 4°C. At the end of the culture, both tissues and Caco-2
cells were then used for RNA preparation

Gene expression

Total RNA was extracted from human terminal ileum biopsies or
Caco-2 IECs TRIzol reagent (Invitrogen). Following evaluation
of RNA integrity by gel electrophoresis RNA reverse transcrip-
tion was carried out by iScript cDNA synthesis kit (Bio-Rad)
according to the manufacturer’s instructions. The real-time (RT)-
cDNA reaction products were subjected to quantitative RT PCR
using the MyiQ single-colour RT PCR detection system (Bio-
Rad) and iQ SYBR green supermix (Bio-Rad) according to the
manufacturer’s directions. All expression levels were normalized
to B-actin or GADPH levels of the same sample. Relative quantity
of'target gene expression to housekeeping genes was measured by
comparative Ct method. All RT PCR reactions were performed in
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triplicate. Primers used are described in Supplementary Materials
Methods.

Western blot and ELISA

Western blot analysis and ELISA were carried out according to
standard procedures. Details of these methods can be found in
Supplementary Materials Methods.

Statistical analysis

Data are expressed as mean + S.D. and analysed using Student’s
unpaired ¢ test or Tukey HSD (honest significance difference)
test for multiple samples comparison. A P-value < 0.05 was
considered significant.

RESULTS

Intestinal levels of IL-6 increased in the aging
human ileum

Regulatory cytokines produced by IECs and gut-resident immune
cells contribute to establish and maintain the intestinal immune
homoeostasis; however at this time, very little is known about the
effects of age on levels of regulatory cytokines in the human gut.
Initially, two matched biopsies from eight individuals from the
adult (2040 years) and aging (67—77 years) groups were used
to monitor the expression of cytokine IL-6, interferon (IFN)-y,
IL-18 and TNF-o some of which have been observed to in-
crease significantly at systemic levels in aging and are thought
to underpin the development of frailty and increased mortality in
the elderly [2,3]. No age-associated changes were observed for
TNF-a, IFN-y and IL-18 among the two age groups. A differ-
ent pattern was observed for IL-6 with the aging group showing
significantly higher levels (Figure 1A; P < 0.01). Levels of IL-6
mRNA were then further assessed in an additional five individu-
als per age group that also included individuals between 7 and
12 years of age (young). IL-6 was not detected in two out of five
young individuals and in one out of five adults and overall it was
expressed at lower levels in biopsies from both young and adult
individuals compared with aging donors (Figure 1B). Increased
tissue levels of IL-6 in the elderly were then confirmed at pro-
tein level by ELISA (Figure 1C). The amount of IL-6 reached
16.4 £+ 4.6 pg/mg of total protein in the aging donors compared
with both young (5.1 4 3.0 pg/mg of total protein) and adult
(5.4 £ 2.2 pg/mg/total protein) individuals. Furthermore, gene
expression analysis of cytokeratin (ctk)™ cluster of differenti-
ation (CD)45~ IECs, CD11c™ DCs and the remaining CD11c¢c™
immune cell population showed that CD11c™ cell population dis-
played a significant increase in IL-6 expression in aging donors
(P < 0.05; Figure 2A). We observed a trend towards increased
expression of IL-6 also in IEC although the increase did not
reach statistical significance (P =0.065). We then focused on
CDll1c" cells. Subsequent analysis of isolated CDI1lct DCs
showed that similar numbers of CD11c™ cells were recovered
from biopsies from donors of different ages (Figure 2B). Pheno-
typic analysis showed that these cells from both groups express
similar levels of CD86 and did not expressed E-cadherin, a marker
for inflammation-associated gut-DCs [20]; in contrast, expression
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Figure 1 Levels of regulatory cytokines in the small intestine of
individuals of different ages

A pair of terminal ileum biopsies per subject collected from adults
(n=10; 20-40 y; grey bars) and aging (n=10; 67-77 y; black bars)
individuals were used to assess expression of cytokine genes (A). IL-6
showed a significant increase in the aging group (P < 0.01), no changes
were seen for TNF-«, IL-18 or IFNy. Statistical analysis was carried
using Student’s unpaired t test. Age-associated increase in IL-6 was
subsequently confirmed in an additional 5 donors per individual group
that included also young (7-12 y) subjects (B). Finally, increased tissue
levels of IL-6 were confirmed at the protein level by ELISA in a pair of
terminal ileum biopsies/subject (n=10/group) in all age groups (C);
IL-6 tissue levels are expressed relative to amounts of total protein.
ND, not detected.

of CD40 was higher in CD11c* cells from aging donors (Fig-
ure 2C). Also, isolated CD11c¢™ DCs from aging donors produced
asignificant higher levels of IL-6 after 48 h in culture (Figure 2D).
Furthermore the percentage of IL-6-producing CD11c™ cells in
the isolated fraction increased in aging individuals (Supplement-

ary Figures S1A and S1B). It has to be stressed that given the
difficulties in recruiting patients in the young group (7-12 y), we
used, for this experiment, biopsies from adult and aging individu-
als only. These data demonstrated an age-associated increased
production of IL-6; they also suggested that, although the role of
other cells such as IEC cannot be ruled out at this time, CD11c™
cells played an important role in this event.

Permeability to solutes but not to macromolecules
is increased during aging in the small intestine

The notion that aging is sometime associated with increased in-
testinal permeability (leaky gut) [21] prompted us to monitor
the integrity of the epithelial barrier in biopsies from donors
of all age groups. Also, given the direct effects of IL-6 on TJs,
such as claudin-2 [22,23] we investigated the possibility that age-
associated overexpression of IL-6 might directly affect intestinal
permeability. First, we carried out post-IVOC structural analysis
of the terminal ileum by TEM and light microscopy (LM). These
did not reveal major age-associated alterations of the overall mor-
phology/structure of the TJs and intestinal mucosa and showed
that tissue retained good morphology after 10 h culture in p-
IVOC (Figures 3A—3D). In contrast, subsequent functional and
molecular analysis of TJ mRNA expression showed the presence
of age-associated alterations. First, TEER, a measure of the ionic
gradient across freshly collected ileal biopsies was determined
in an Ussing chamber. We observed that TEER was significantly
reduced in biopsies from aging individuals (P < 0.01) whereas no
difference was observed between the two younger groups (Fig-
ure 3E). Increase in permeability in the aging small intestine
appeared to be restricted to solutes, indeed flux of HRP (approx-
imately 44 kDa) did not vary between the different age groups
(Figure 3F) showing that permeability to macromolecules was not
affected by aging. Permeability assay was paralleled by the ana-
lysis of mRNA levels of TJs. To this end, mRNA expression of
zonula occludens-1 (ZO-1), occludin, junctional adhesion mo-
lecule A 1 (JAMA-1) and claudin-2 was assessed. In contrast
with what has been observed previously in colonic biopsies of
non-human primates [24], we did not observe any significant age-
related effect on the expression of ZO-1, occludin and JAMA-1
(Figures 4A—4C). On the other hand, in agreement with the same
report [24] we observed that levels of claudin-2 were significantly
increased (P < 0.01) in the aging group compared with adult in-
dividuals (Figure 4D). Further immunohistochemistry analysis
showed the absence of age-associated changes in the distribution
of claudin-2 in aged tissues (Figure 4E—4H).

Age-associated high levels of IL-6 affected
intestinal permeability by up-regulating claudin-2
expression

To determine whether overexpression of IL-6 in the mucosa of
the elderly was in fact responsible for the increased intestinal per-
meability to solutes we tested the effect of CM from cultures of
biopsies of different age on the TEER and expression of claudin-
2 in human intestinal epithelial Caco-2 cells and biopsies from
adult donors. Treatment of Caco-2 cells with CM from culture
of aged biopsies (CMag) induced a significant fall in TEER; in-
stead CM from culture of both young (CMy) and adult (CMup)
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Figure 2 Expression of IL-6 in isolated intestinal cell populations
Three cell populations, IEC (Ctk*CD45~), CD11c~CD45* and CD11c*CD45% were isolated from biopsies (6-8

biopsies/individual) of donors (five individuals/group) of different age and assessed for IL-6 expression (A). A trend
towards increase in IL-6 expression was observed in IEC although the difference did not reach statistical significance
(*P=0.06); whereas IL-6 production was significantly increased in CD11c™ DCs (**). The purified CD11c™ cells (B) were
then assessed for the expression of co-stimulatory molecules (C); DCs from both age groups displayed similar expression
of CD40, lack of expression of E-cadherin whereas higher expression of CD40 was observed in the aging group. Increased
production of IL-6 by CD11c* cells from aging donors was further confirmed by ELISA using culture (48 h) supernatants
(D). This set of experiments was performed using only biopsies from adult (n=5/group; 20-40 y) and aging (67-77 y)
individuals due to difficulties in recruiting donors in the young group. Statistical analysis was carried out using Student’s

unpaired t test.
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Figure 3

Intestinal permeability to solutes and macromolecules in aging

Post-IVOC (10 h) TEM micrographs of the structure of TJs in freshly isolated biopsies from young (A), adult (B) and aging
(C) individuals did not show any visible age-associated morphological alteration; also, intestinal tissues retained good
morphology after p-IVOC (D). The overall integrity of the structure of the aging gut also appeared to be intact at lower
magpification (D) where a series of adjoining TJs are illustrated (boxes). TEER declined in aging as established in Ussing
chambers (E); however, permeability to macromolecules (HRR approximately 44 kDa) remained unchanged (F). Statistical
analysis was carried using Tukey HSD test for multiple samples comparison.

biopsies did not have any effects on TEER (Figure 5A). Pre-
incubation of CMug with anti-IL-6 antibody did restore TEER;
however, incubation of CM with either anti-TNF-« or IL-1p anti-
body did not have any effect. The result of this functional analysis
was confirmed at mRNA level. Caco-2 cells treated with CM g
showed a significant increase in the expression of claudin-2 com-
pared with untreated Caco-2 cells whereas both CMsp and CMy
failed to up-regulate claudin-2. CMg-mediated up-regulation of
claudin-2 was suppressed by pre-incubation with anti-IL-6 but
not anti-IL18 or anti-TNF-« antibody (Figure 5B). Culturing
Caco-2 cells in the presence of blocking antibodies alone did not
have any effects on both TEER and claudin-2 expression (Sup-
plementary Figure S2). The biological relevance of the above
results was further confirmed in intestinal biopsies cultured in
np-IVOC (Figure 5C). Biopsies from young donors showed sig-
nificantly higher levels of claudin-2 when cultured in the presence
of CM,g compared with age-matched untreated biopsies (AD-

baseline); also in this case pre-incubation with anti-IL-6 but not
anti-IL-18 prevented up-regulation of claudin-2. Thus, the col-
lation of in vitro and ex vivo results showed that increased levels
of IL-6 appeared to be a feature of the aging gut that has a dir-
ect impact on the expression of claudin-2 with direct bearing on
intestinal permeability.

Production of IL-8 in response to flagellin
progressively declined with age

The production of cytokines, such as IL-8 in response to fla-
gellin in the gut is an important factor in the early stages of
the innate immune response to pathogens [25]; we then determ-
ined whether intestinal response to bacterial components was
impaired in aging. Terminal ileum biopsies were challenged for
10-12 h with flagellin using a p-IVOC culture, a model that al-
lows reproducing faithfully real-life host—pathogen interaction
by restricting the antigenic challenge to the mucosal apical side

520

© 2015 Authors; published by Portland Press Limited



Effects of aging on the human gut

Figure 4

a_ A

I * ..
& L 4 = a
< AA
tg 6 @& u A
s * o AA
44 @ o
@
q ‘
g,
z 2]
e
N

Young Adult Aged

12-C

z
8 + = AL
204 e = AA
@ * Em
=
g8 e LN A
< n AA
4
£ 4+
=
<
<

Young Adult Aged

Occludin mRNA relative to GADPH

Claudin 2 mRNA relative to GADPH

Original Paper

" AA
SO
* e

- Y

*
Young Adult Aged
A
A
AA
AA
A
. g
| ]
4
$$ ==
Young Adult Aged

Expression of TJs in the aging gut

Level of expression of ZO-1, occludin and JAMA-1 (A—-C) were similar in biopsies from all age groups. In contrast, claudin-2
was significantly up-regulated in aging individuals (D) (P < 0.01) compared with younger individuals. Each symbol represents
the average from two biopsies/individual (6-8 individuals/group). Statistical analysis was carried out using Tukey HSD test
for multiple samples comparison; asterisk (*) indicates significant difference. Also, distribution of claudin-2 did not change
with age (E-H). Cross-section of biopsies (apical area) from adult (E) and aging (F) individuals showed that claudin-2
(green) is restricted to the TJ complex between adjacent epithelial cells (IEC). Similar distribution was seen in longitudinal
section of biopsies from adult (G) and aging (H) individuals; also in this case claudin-2 (green indicated by arrow heads)
was restricted at the apical domain (L, lumen) as part of the TJ complex. Sections were counterstained with anti-pan ctk
antibody (red). As average, 3-5 sections from three biopsies/donor (three donors/group) were examined.
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Figure 5 CM from cultures of aging biopsies affected intestinal permeability and expression of claudin-2

Caco-2 cells (A) were cultured in the presence of CM from CMy, CMap and CMpg individuals and TEER monitored for
at least 36 h. Both CMap and CMag did not have a significant effect on intestinal permeability, in contrast, addition of
CMag to the culture had a significant impact on permeability that became evident after 18 h. Pre-incubation of CMag with
anti-IL-6 antibody but not anti-IL-18 or anti-TNF-« prevented CMag-mediated increased permeability. Asterisk (*) indicates
significant difference. RT-PCR analysis carried out after 24 h culture in the presence of CMpg showed that IL-6 underpins
the up-regulation of claudin-2 expression (B). In (C) biopsies from adult donors cultured in the presence of CMag (AD-CMpg)
showed higher expression levels of claudin-2 compared with untreated biopsies from adults (AD-baseline) and comparable
to what was observed in biopsies from aging donors (AG). Addition of anti-IL6 antibody (AD-CMag-«IL6) but not anti-IL18
(AD-CMag-«IL1B) prevented up-regulation of claudin-2. Statistical analysis was carried using Tukey HSD test for multiple
samples comparison; different letters indicate statistical difference; equal letters indicate lack of statistical difference.

and that has been already utilized to assess colonic tissue re-
sponse to soluble flagellin [19]. We observed that a significant
variation in IL-8 production in response to flagellin occurred
across the course of life (Figure 6A). Tissue levels of IL-8 reached
their highest in the young group (range 35.2-89.8 pg/mg/total
protein), it was significantly reduced (P < 0.05) in the adult group

(range 24.7—62.6 pg/mg/total protein) and it declined further in
the aged group (P < 0.01 and P < 0.05 compared with young and
adult groups respectively, range 9.2-49.3 pg/mg/total protein).
Age-associated decline of IL-8 production in response to flagel-
lin was confirmed by Western blot analysis and subsequent dens-
itometry analysis (Figures 6B and 6D). Furthermore, although a
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Figure 6 Intestinal response to flagellin

Tissue levels of IL-8 in response to flagellin were assessed after 10 h p-IVOC. Levels of IL-8 progressively declined from
young individuals to adult and continued to decline further in aging subjects (A) as seen by ELISA. IL-8 tissue levels are
expressed relative to amounts of total protein. Age-dependent variation of tissue levels of IL-8 following challenge with
flagellin is shown also by Western blot analysis (B) and associated densitometric analysis (D); data are representative
of three independent experiments with similar results. mRNA levels of TLR5 remained unchanged throughout life (C) and
expression of TLR5 did not increase after stimulation compared with unchallenged tissue, irrespective of the age of the
donor. Finally, immunohistochemistry analysis showed absence of age-associated changes in the distribution of mature
TLR5 (E and F). Statistical analysis was done using Tukey HSD test for multiple samples comparison (A) and Student’s
unpaired t test was used in (C).
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direct effect of IL-6 on the production of IL-8 has not been shown,
we investigated whether suppression of IL-6 could restore IL-8
production in aging; pre-treatment of biopsies with neutralizing
anti-IL-6 antibody (IgA isotype) did not restore the ability to
produce IL-8 in aging subjects (result not shown). Also, expres-
sion of flagellin-specific TLRS5 was determined at both gene and
protein level. Quantitative RT-PCR analysis showed that the ex-
pression of flagellin-specific receptor TLRS5 did not vary with
age (Figure 6C) and immunohistochemistry analysis showed the
absence of age-associated changes in the distribution of mature
TLRS (Figures 6E and 6F). Also, we observed that stimulation
with flagellin induced a significant production of IL-6 in biopsies
from both young and adult individuals but failed to do so in aging
(Supplementary Figure S3A)

Aging does not affect the ability of probiotics to
elicit protective epithelial innate immunity

It has been shown that probiotics promoted gut health via stim-
ulation of epithelial innate immunity, more specifically via the
production of TNF-« rather than its suppression. Indeed, pro-
duction of TNF-« by IEC following challenge with VSL#3 pro-
biotics was found to be a critical event in probiotic-mediated
prevention/suppression of ileitis [26]. Thus we determined as to
whether aging did affect the ability of the gut epithelium to pro-
duce TNF-« in response to VSL#3. The pattern appeared to be
different compared with that observed for IL-8; the production
of TNF-« in response to challenge with live VSL#3 probiotics
did not vary with age (Figure 7A) and challenge with probiotics
induced a similar increase in the production of TNF-« irrespect-
ive of the donor’s age. In contrast, it would appear that exposure
to VSL#3 did not affect the production of IL-6 in biopsies from
all age groups (Supplementary Figure S3B). It has also been
suggested that probiotics may beneficially impact on intestinal
permeability. However, we observed there was a trend towards
increased expression of claudin-2 possibly as a consequence of
increased level of TNF-« (Figure 7B); this suggested that at least
in this experimental setting VSL#3 did not restore the comprom-
ised intestinal permeability.

DISCUSSION

Compared with immunosenescence of systemic immunity, age-
associated changes in the mucosal immune system are less well
understood. In particular, at the intestinal level a major gap is
represented by the lack of knowledge on events that pertain to the
intestinal epithelial barrier and early events of the innate immune
response. The main aim of the study was to investigate the im-
pact of aging on several aspects of the intestinal barrier including
levels of inflammatory cytokines, barrier integrity and intestinal
innate immunity to different types of microbial challenges in hu-
mans. Our study showed that aging affects important physical
and immunological functions of the intestinal epithelial barrier.
Our first objective was to determine the levels of inflammatory
cytokine in the aging small intestine (terminal ileum). Produc-
tion of inflammatory cytokine is an important attribute and ef-
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Figure 7 VSL#3 probiotics induced normal production of TNF-« in
aging but did not down-regulate expression of claudin-2

Challenge of biopsies with live probiotics for 10 h in p-IVOC induced
the production of similar levels of TNF-« irrespective of the donor’s age.
Levels of TNF-« are expressed relative to amounts of total protein. Fur-
thermore, we observed a trend (not statistically significant) towards in-
creased expression of claudin-2 in aging tissue following challenge with
VSL#3 probiotic mixture (B), thus suggesting that age-associated claud-
in-2-mediated up-regulation of intestinal permeability was not reduced
by probiotics challenge, at least under these experimental conditions.
Statistical analysis was done using Tukey HSD test for multiple samples
comparison (A) and Student’s unpaired t test was used in (B).

fector function of IECs that influences the activity of various cell
types in the intestinal mucosa; also increased levels of certain cy-
tokines may have a direct bearing on some of the features of the
aging gut, such as increased permeability of the epithelial barrier
(‘leaky gut’) [21]. Recently it was shown that colonic biopsies
from aged non-human primates showed increased levels of IL-6,
IL-1B and IFNy and reduced expression of TJs such as ZO-1, oc-
cludin and JAMA-1 and increased levels of claudin-2 [24]. Also,
alteration of TJs led to increased permeability to macromolecules
(HRP). The pattern appeared to be different in biopsies from the
terminal ileum of humans. Indeed, we observed that the aging
human small intestine is characterized by a significant increase
in the level of IL-6 but not of IL-18, IFNy or TNF-« as ob-
served in primates. Also, we failed to detect major alterations of
Z0-1, occludin and JAMA-1 and no changes in permeability to
macromolecules (HRP) were observed. It is possible that these
discordant observations reflected intrinsic differences between
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humans and non-human primates. Alternatively, this might be
linked to intrinsic differences between distinct areas of the intest-
ine, such as the colon and terminal ileum. The latter hypothesis
is supported by the recent observation that in humans the reg-
ulatory features of DCs varied according to their geographical
location in the gut [27]. Thus, it is possible that whereas terminal
ileum DCs are characterized by increased production of IL-6 in
aging, DCs located in the large intestine may display a differ-
ent array of age-related modifications that might lead to a more
significant alteration of the local inflammatory status and intest-
inal permeability. One consequence of increased intestinal levels
of IL-6 is an enhanced permeability to solutes that was brought
about by up-regulation of the TJ claudin-2. In vitro studies have
shown that IL-6 affects barrier integrity by up-regulating the ex-
pression of claudin-2 [22,28] that in turns promotes the formation
of pores that allow paracellular movement of cations and small
molecules with radii less than 4 A (1 A=0.1nm) [23]. It is im-
portant to highlight that overexpression of claudin-2 in IECs has
been observed in animal model of colitis [29] and patients with
inflammatory bowel disease [30]. Currently, the contribution of
increased expression of claudin-2 to the aetiology or progression
of diseases has not yet been determined but it is possible that
its up-regulation in the elderly could be linked to age-associated
disturbances. Also, although other cytokines, such as TNF-« can
regulate the expression of claudin-2 [31], the observation that the
addition of anti-IL-6, but not anti-TNF-« antibody to CM from
aging biopsies prevented both claudin-2 overexpression and de-
cline of TEER strongly suggested that IL-6 is the main factor
underlying claudin-2 up-regulation in aging. Age-associated in-
crease in IL-6 in the gut raises a series of questions, the most
notable being, what is the triggering event and what are the po-
tential consequences at the systemic level. Indeed, although it
has been known for some time that aging in humans is associated
with increased levels of circulating IL-6 and that this has a strong
association with markers of physical frailty [32—34] the cause(s)
underlying its increase is still unknown. It has been hypothesized
that events in the gut might play a critical role in age-associated
inflammatory dysregulation [4] and it has been also shown that
certain components of the intestinal microbiota can induce the
production of IL-6 [35]. This together with the notion that intest-
inal microbiota undergoes significant changes in the elderly [36]
makes it plausible to hypothesize that age-associated alteration
of the microbiota that resulted in increased presence of IL-6-
inducing bacterial species might be one of the triggering events.
Furthermore, elevated intestinal levels of IL-6 may also directly
contribute to establish and maintain the age-associated low grade
chronic inflammation or inflammaging [3] at systemic level by
contributing to promote the differentiation of pro-inflammatory
T helper (TH)17 cells [37], the circulating number of which are
significantly higher in the elderly [38]. Although at this time
we cannot rule out the possibility that other cell types, such as
IECs may contribute to increased levels of IL-6 in aging we ob-
served that CD11c*t DCs played a role in this event. Also, these
cells are characterized by increased expression of CD40 that, to-
gether with IL-6 secretion, is highly relevant to the generation of
TH17 in vivo [39]. Furthermore, by extending our study to the
immunological features of the intestinal barrier in response to
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microbial antigens of different nature we observed that the pro-
duction of cytokines in the gut in response to different microbial
challenges in aging may or may not decline, possibly depending
on the nature of the antigenic stimulus. Indeed, whereas epithelial
production of IL-8 in response to flagellin progressively declined
across life and it is significantly compromised in aging the pro-
duction of TNF-« in response to exposure to probiotics did not
decline in the elderly. Interestingly, in contrast with a previous
report [40], elevated levels of IL-6 did not affect the expression
of flagellin-specific TLRS on IECs that remained unchanged in
aging. Thus, it would seem that increased levels of IL-6 alone
did not suffice to induce major changes of the expression of
TLRS and dysregulation of the major TJs. This would suggest
that a simultaneous up-regulation of several pro-inflammatory
cytokines is required to induce significant detrimental effects on
the intestinal epithelial barrier. Also, the notion that levels of
TLRS did not change with age also strongly suggested that the
progressive age-dependent decline in production of IL-8 is due
to alteration of intracellular signalling pathways following the
engagement of flagellin with TLRS. Ultimately it is likely that
reduced levels of IL-8 may play an important role in the increased
susceptibility of the elderly to infections. In contrast, TNF-« pro-
duction in response to a more complex microbial challenge, such
as live VSL#3 probiotic mixture did not show significant vari-
ation between the age groups. The latter finding is of potential
interest. First, although studies conducted in mice and cell lines
have shown that probiotics promoted gut health by inducing the
production of the pro-inflammatory cytokine TNF-«, rather than
its suppression [26], their effect on the human gut was still un-
known. Second, very little attention has been given so far to how
the intestinal response to probiotics varies between individuals of
different age. Our results demonstrated that VSL#3 induced the
production in the human gut of TNF-«, which plays an import-
ant role in preventing/ameliorating ileitis in mice [26] and that
age does not influence the production of a cytokine required for
the beneficial effects of probiotics. On the other hand, we have
shown that in vitro challenge with VSL#3 probiotic mixture did
not down-regulate the expression of claudin-2 thus suggesting
that a short-term exposure to VSL#3 as carried out in our ex vivo
experimental model was not enough to beneficially affect the par-
tially compromised intestinal permeability. We believe that the
identification of the triggering events affecting aspects of the epi-
thelial barrier integrity and intestinal epithelial innate immune
response to certain antigenic stimuli, such as flagellin is a goal
of certain medical relevance and may provide us with the tool to
affect local and possibly systemic age-associated disorders.

CLINICAL PERSPECTIVES

® The effects of aging on physical and immunological proper-
ties of the intestinal epithelial barrier in humans are largely
unknown.

® We report that the aging gut is characterized by higher levels
of the cytokine IL-6 that in part affects intestinal permeability.
Furthermore, aging is associated with an impaired intestinal

© 2015 Authors; published by Portland Press Limited
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innate immunity to microbial challenge in the small intestine
that might lead to the increased susceptibility to infections
typical of the aged organisms.

® The present study suggests a pivotal role of the gut in the gen-
eration of the chronic low-grade inflammatory status (termed
‘inflammaging’) typical of the aged organism; it also provides
the basis to hypothesize that manipulating the composition of
the intestinal microbiota in the elderly may represent an im-
portant strategy to intervene in age-associated disorders both
locally and systemically.
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