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Abstract
Aging is reported to be associated with decline in oral tolerance induction, which is initiated at the
intestinal mucosal surface. Herein, we examined the effect of aging in T cells and cytokines at the
intestinal mucosa that might be involved in oral tolerance induction. Frequencies of regulatory-
type IEL subsets such as TCRγδ+ and TCRαβ+CD8αα+ were lower in aged mice. Mucosal
CD4+CD25+Foxp3+ and CD4+LAP+ T cells increased with aging but activated CD44+CD4+
mucosal T cells also augmented. Production of TGF-β and IL-10 in the small intestine of old mice
was reduced. Moreover, the ability of mucosal dendritic cells of aged mice to stimulate TGF-β
secretion and differentiation of CD4+LAP+ T cells in co-culture studies also declined with aging.
Reduction in these regulatory-type cytokines and T cells may help to explain the decline in
susceptibility to oral induction during aging. However, not all mucosal regulatory elements were
altered by aging and CD4+CD25+Foxp3+ T cells were especially resistant to changes. Persistence
of some mechanisms of regulation might play a critical role in maintaining mucosal homeostasis
during aging.
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INTRODUCTION
The gut mucosa is a major route for foreign antigens to contact the immune system. A large
and regular amount of dietary antigens reach the gut daily, and a continuous exposure to the
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autochthonous microbiota provides additional stimulation to the abundant lymphoid tissue
located in the intestinal mucosa (Brandtzaeg et al, 1998). This daily antigenic contacts play
an important role in the development of the immune system after weaning (Menezes et al,
2003). Antigenic contact initiated by oral route is known to induce oral tolerance, a state of
systemic suppression of specific immune responses to subsequent parenteral injections of
the same antigen (Vaz et al, 1977; Mowat 2003; Faria and Weiner, 2005). Many subsets of
lymphocytes with regulatory phenotype such as CD4+LAP+ and CD4+CD25+Foxp3+ have
been described to play a critical role in oral tolerance induction (Faria e Weiner, 2005;
Curotto de Lafaille et al, 2008). Intraepithelial cells seem also to be involved in oral
tolerance induction due to their ability to produce non-inflammatory and regulatory
cytokines such as TGF-β and IL-10 which play an important role in the gut homeostasis (Ke
et al, 1997; Saurer et al, 2004).

Oral tolerance is one of many immune functions altered by the aging process. In fact, aging
brings about several changes in the immune system. It affects drastically the T cell
compartment, cytokine production, antigen-specific antibody responses (Linton and
Dorshkind, 2004; Speziali et al, 2009; Santiago et al, 2008) and the composition of
lymphoid organs such as gut Peyer’s patches (Kato et al, 2003). Interestingly, development
of aging alterations occurs earlier in the mucosal immune system than in the systemic
immune compartment (Koga et al, 2000). Our group has previously shown that the two main
immunological events initiated at the gut surfaces, IgA production and oral tolerance
induction, are differentially affected by the aging process. Susceptibility to oral tolerance
decreases with age. Mice that is susceptible to oral tolerance induction by a single feeding of
antigen at 8 weeks of age become less susceptible at 24 weeks and totally refractory at 70
weeks of age (Faria et al, 1993). Only a regimen of continuous feeding is able to render 70-
week-old mice tolerant to orally administered antigen (Faria et al, 1998; Faria et al, 2003).
On the other hand, production of secretory IgA (S-IgA), the most abundant immunoglobulin
at mucosal surfaces, is unaltered in old mice (Santiago et al, 2008).

Few accounts are available evaluating immunological parameters such as cell types and
cytokine production at the mucosal surfaces during the aging process. Since many
regulatory-type elements exist in the gut environment, changes in these cellular and
molecular components may be involved in the age-related decline of local immune functions
such as oral tolerance induction. Among gut-associated T cells, there seem to be a decrease
in CD45+ T cells as well as an increase in intestinal NK1.1+ T cells and double-positive
CD4+CD8+ IEL population of aged mice (Ishimoto et al, 2004; Hayashi et al, 2009). Aging-
related alterations on dendritic cell (DC) phenotype and function have also been
investigated, but the results are still controversial. One study demonstrated that DCs derived
from peripheral blood of humans do not show significant changes in phenotype or function
with aging (Steger et al, 1996). Another report did not find changes in the percentage on
spleen DC expressing CD80 and CD86 in studies conducted using senescence-accelerated
prone mice (Hanura et al, 1995). Simioni and co-workers observed an age-related reduction
in CD86 expression in spleen DCs, but not in the frequency of cells expressing this molecule
(Simioni et al, 2010).

In addition to the paucity of studies that addressed the effects of aging in the mucosal
associated lymphoid tissue, the impact of aging in different compartments and regions of the
gut-associated lymphoid compartment is not known. Our aim in this study was to perform a
systematic evaluation of several regulatory-type cells and cytokines usually present in this
tissue at different ages to study the impact of aging in function of mucosal associated
lymphoid tissue. Our hypothesis is that putative alterations in immune elements in the gut
may help to explain the decreased susceptibility to oral tolerance induction during aging.

Santiago et al. Page 2

Immunobiology. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



MATERIAL AND METHODS
Animals

Female TCR OVA-specific transgenic (DO11.10) and BALB/c mice at ages ranging from 2
to 24 months were obtained from Centro de Bioterismo (CEBIO, Instituto de Ciências
Biológicas, UFMG, Belo Horizonte, Brazil) and maintained in our experimental animal
facility throughout the experiments. Mice were kept in micro-isolators; autoclaved diet and
water were offered ad libidum. All animal procedures were approved by the local ethical
committee for animal research (Protocol # 115/2007, CETEA-UFMG, Brazil).

Analysis of Ig isotypes by ELISA
Levels of total immunoglobulins were determined by ELISA. Briefly, 96-well plates
(NUNC, Roskilde/Denmark) were coated with 0.1μg goat anti-mouse UNLB antibody, in
coating buffer pH 9.8 overnight. Wells were washed and blocked with 200μl of PBS contain
0.25% casein for 1 h at room temperature. Sera were added to the plate and incubated for 1 h
at room temperature, plates were washed, then peroxidase- streptavidin goat anti-mouse or
rat anti-goat (SOUTHERN BIOTECHNOLOGY, Birmingham, AL/USA) 1:15000 was
added, and plates were incubated for 1 h at 37°C. Color reaction was developed at room
temperature with 100μl/well of orthophenylenediamine (1mg/ml) (SIGMA), 0.04% H2O2
substrate in sodium citrate buffer. Reaction was interrupted by the addition of 20 μl/well of 2
N H2SO4. Absorbance was measured at 492nm by an ELISA microplate reader (BIO-RAD
Model 450, Hercules/CA/USA).

Histomorphometric Analysis
Small intestine was removed and immersed in 10% formaldehyde buffer; tissues were
further dehydrated with alcohol-containing solutions using an automatic tissue processor
(TITERTEK, Huntsville, AL/USA). Gut tissues were then included in paraffin and 4μm
transverses sections obtained by Spencer microtome (SPENCER SCIENTIFIC Co, Derry,
NH/USA). Tissues were stained with eosin & hematoxylin and morphologic profile
determined using an Olympus microscope. (OLYMPUS, Center Valley, PA/USA). Villous
length was measured using millimeter laminule. IEL cells numbers were calculated by
manually counting cells in 10 villous and expressed as ratios of IEL/100 epithelial cells as
described by Ferguson and Murray (Ferguson and Murray, 1971).

Cell preparation and cytokine assay
Small intestine was separated into duodenum, proximal jejunum, distal jejunum and ileum
and placed in buffer solution (1ml/g) containing 10.000UIC/ml of aprotinin. Tissue
fragments were homogenized and centrifuged for 15 minutes 600g at 4°c. Supernatants were
collected for cytokine assay. Plates were coated with purified monoclonal antibodies
reactive with cytokines IL-4, IFN-γ, IL-10 and TGF-β (BD-PHARMINGEN, San Jose, CA/
USA) overnight at 4°C. In the following day, wells were washed and supernatants were
added and plate was incubated overnight at 4°C. In the third day, biotinylated monoclonal
antibodies against cytokines are added and plate was incubated for 1 hour at room
temperature. Color reaction was developed at room temperature with 100μl/well of
orthophenylenediamine (1mg/ml), 0.04% H2O2 substrate in sodium citrate buffer. Reaction
was interrupted by the addition of 20 μl/well of 2 N H2SO4. Absorbance was measured at
492nm by an ELISA reader (BIO-RAD Model 450). Cytokines were also determined in the
supernatants of co-cultures of T and dendritic cell (DC)-enriched cells using the same
methodology.
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T cell and DC separation
Spleen T cell populations were obtained from 8-week-old naive DO11.10 transgenic mice.
Spleen and mesenteric lymph nodes DC population were obtained from young (2-month-
old) and aged (12-month-old) BALB/c mice. T- and DC-enriched populations were isolated
using MACS micro beads (anti-Thy1 and anti-CD11c) and LS MACS Column (MILTENYI
BIOTEC, Bergisch Gladbach/Germany) according to the manufacturer instructions.
Enriched cell suspensions were monitored by flow cytometry. DC preparations contained
approximately 60% CD11c+ cells and T cell contained approximately 95% CD3+ cells. T
CD4+ cells from naive DO11.10 mice were 80-90% KJ1.26 positive.

Lymphocyte preparation and flow cytometry analysis
Small intestines and mesenteric lymph nodes were removed from euthanized mice, flushed
with cold calcium and magnesium free HBSS. Payer’s patches and fat were then removed
from the tissues that were incubated in HEPES-containing HBSS medium (2% HEPES
buffer, 1% penicillin/streptomycin and 0,05% gentamicin). Mesenteric lymph nodes were
smashed and passed through a 70μm cell strainer (BD FALCON). For intraepithelial
lymphocytes (IEL) cells isolation, small intestine was washed, diced and incubated in IEL
medium (RPMI containing 2% FBS, 2% HEPES buffer, 1% penicillin/streptomycin and
0.5% gentamicin) for 40min at 37°C in a shaker (150rpm). Cells were filtered through a
70μm cell strainer and supernatant containing IEL fraction kept in ice. For lamina propria
(LP) cells isolation, cells were incubated with 100Ug/ml collagenase II for 40min at 37°C in
a shaker (150rpm), smashed and passed through a 70μm cell strainer and then resuspended
in IEL medium. Both IEL and LP cells were then centrifuged at 300g (5min. at 4°C),
resuspended in 4.5ml 44% Percoll. Then, 2.3ml 67% Percoll was laid into the 15ml tube to
create a Percoll gradient (BD FALCON). Cells were then centrifuged at 600g for 20min and
interface layer was harvested as the lymphocyte population. Cells were stained with FITC,
PE or Cy-labeled monoclonal antibodies for CD4, CD8, CD25, CD44, CD62L, LAP, αβ/
γδTCR CD11c, F4/80, CD80, CD86 (BD PHARMINGEN) in 1% BSA or with
permeabilization buffer (for Foxp3 labeling) and fixed in 4% formaldehyde. Fixed cells
were then incubated with PE-labeled anti-Foxp3 monoclonal antibody (BD
PHARMINGEN) for 30min. Cells were analyzed with a FACSCan (BECTON &
DICKINSON) and data were analyzed by FlowJo (TREESTAR, Ashland, OR/USA).

Statistical analysis
Results expressed as means ± standard deviation. Differences were determined by ANOVA
when more than two groups were compared and by Student’s t test when only two groups
were compared. A value of p<0.05 was considered to be significant.

RESULTS
Aging affects the frequency of IEL subsets with regulatory phenotypes

We investigated small intestine morphology in mice of 2 and 24 months of age and found no
difference between these groups regarding either villous lenght or numbers of IELs (Figure
1A). We found no significant difference either in the number of cells in other lymphoid
organs such as spleen, mesenteric lymph nodes and Peyer’s patches among mice of different
age groups (data not shown). IELs are in the first line of mucosal surface intertwined with
epithelial cells, and the main subpopulations of IEL, αβ+ and γδ+, are both described as
involved in inhibition of cytotoxic T cells (CTL) (Kapp et al, 2004; Lambolez et al, 2007)
although only γδ+ IELs are related to oral tolerance induction (Ke et al, 1997) and colitis
modulation (Chen et al, 2002). Expression of CD8αα in TCRαβ+ IELs has also been
reported as important parameter to define a subpopulation of IEL with modulatory
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properties (Poussier et al, 2002; Denning et al, 2007). Changes in all these sub-populations
were evaluated during aging. Frequencies of TCRαβ, TCRγδ, TCRαβ+CD8αα+ and ratio
TCRαβ+CD8αβ/ CD8◻α+ IEL populations were analyzed in non-manipulated 2- to 24-
month old mice. There was a decrease in frequencies of αδ+ and an increase in αβ+ T cells
in the IEL population in 12- and 24-month-old mice (Figure 1B and C). We also found a
reduced percentage of TCRαβ+CD8αα+ IELs in mice at 24 months of age, and the ratio
CD8αβ+/CD8αα+ among TCRαβ+ IELs was increased in 6- to 24-month-old mice (Figure 1
D and E).

Cytokine secretion at different portions of small intestine changes during aging
Several studies suggest an important role for cytokines in oral tolerance induction (Faria and
Weiner, 2005). Therefore, cytokine secretion at different portions of the small intestine was
evaluated during aging. There was no change in IFN-γ production in any region of the small
intestine examined throughout life (Figure 2 A-D). However, IL-4 secretion increased in
duodenum, proximal and distal jejunum but not in the ileum portion (Figure 2 I-L) in 24-
month-old mice. On the other hand, production of regulatory cytokines such as TGF-β and
IL-10 decreased in duodenum of aged mice (Figure 2 E and M). IL-10 secretion was also
reduced in the proximal and distal jejunum as well as in the ileum portion of the small
intestine of 12-24-month-old mice (Figure 2 M-P).

Aging correlates with alterations in regulatory-type, naive and activated T cell populations
Peripherally induced CD4+CD25+FoxP3+ regulatory T cells have been described as
essential for oral tolerance induction (Curotto de Lafaille et al, 2008). CD4+LAP+ T cells
are also reported as a distinctive subset of regulatory T cells (Ghandi et al, 2010). Therefore,
we investigated frequency of both types of regulatory T cells in non-manipulated mice of 2,
6, 12 and 24 months of age. Our data shows that frequencies of CD4+CD25+Foxp3+ and
CD4+LAP+ T cells were increased in mesenteric lymph nodes (MLN), Peyer’s patches (PP)
and intestinal lamina propria (LP) of 6-24 month old mice (Figure 3 A-B).

The effect of aging in frequencies of naïve and activated T cells in secondary lymphoid
organs has been described (Linton and Dorshkind, 2009). Frequencies of CD4+CD44+ and
CD4+CD62L+ cells in MLN, PP and LP of non-manipulated mice from 2 to 24 months of
age were evaluated. There was an increase in CD4+CD44+ T cells and a concomitant
decrease in CD4+CD62L+ T cells in MLN and PP of 6-24-month old mice (Figure 3 C-D).
However, an augment in both CD4+CD44+ and CD4+CD62L+ T cells was observed in LP
of 12-24-month old mice (Figure 3 C-D).

Aging affects antigen-presenting cells in the gut
Since frequencies of activated T cells and production of T-cell-related cytokines were
altered by aging, our next step was to examine whether compatible changes could be found
in antigen presenting cells during aging. Oral tolerance impairment can be observed at 12
months of age (Faria et al, 1998) and most aging-related alterations can be seen before 6
months of age in mice (Ishimoto et al, 2004). Therefore, we used 2 and 12-month-old mice
to study antigen presenting cells (APCs). First, expression of co-stimulatory molecules in
APCs such as macrophages and dendritic cells from MLN, PP and small intestine LP
compartments of non-manipulated 2- and 12-month-old mice was analyzed. A clear
augment was detected in the expression of the co-stimulatory molecule CD86 in both
macrophages and DCs from MLN and PP of aged mice (Figure 4 E, F, G, M, N and O). No
difference was observed in the expression of CD86 in macrophages and DCs from the LP
compartment of older mice (Figure 4 E, H, M and P). Expression of CD80 in macrophages
from MLN of aged mice was also increased (Figure 4 A and B). In PP and LP of aged mice,
expression of CD80 in macrophages was reduced (Figure 4 A, C and D). No aging-related
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alteration was observed in the expression of CD80 in DCs from MLN, PP and LP of aged
mice (Figure 4 I-L).

Dendritic cells were reported to be less affected by aging than macrophages (Kovacs et al,
2009). At the same time, they play a key role in oral tolerance induction (Viney et al, 1998;
Fleeton et al, 2004). Thus, antigen presenting function of MLN DCs were examined in
young (2 months) versus aged (12 months) mice. Spleen and MLN DCs from both spleen
and mesenteric lymph nodes of young and old mice were co-cultured with spleen T cells
from young DO11.10 mice. Since these T cells are mostly OVA-specific (80-90%), cultures
containing OVA and different DCs would provide a method to discriminate their functional
abilities as antigen presenting cells (APCs). Production of cytokines and induction of LAP
+CD25+CD4+ Treg cells were used as a read out of APC function. Cells were stimulated for
72h at 37°C with OVA (1mg/ml). Co-cultures using DCs isolated from MLN of aged mice,
but not from spleen, produce more IL-4, IFN-γ and IL-10 when compared with those
isolated from young mice (Figure 5 A, B and C). On other hand, reduced levels of TGF-β
seemed to be induced in co-cultures using DCs isolated from both, spleen and MLN, of aged
mice (Figure 5 D). Phenotype of co-cultured T cells showed that cultures containing MLN
but not spleen-derived DCs from aged mice induced lower frequencies of CD4+CD25+LAP
+ T cells (Figure 5 E).

DISCUSSION
The most common outcome for the antigenic contacts occurring at the gut surfaces is not an
inflammatory immune response but rather a state of hiporesponsiveness to orally
administered antigens named oral tolerance (Vaz et al, 1977; Mowat, 2003; Faria and
Weiner, 2005). In addition, mucosal B lymphocytes produce high levels of secretory IgA (S-
IgA) that represents another non-Inflammatory immune response typical of mucosal
surfaces. Some factors such as aging are known to influence oral tolerance induction but it
does not affect S-IgA production (Santiago et al, 2008; Koga et al, 2000; Faria et al, 1993).
Usually aging-associated alterations affect the mucosal-associated lymphoid tissues than the
systemic immune compartment (Koga et al, 2000). We have shown previously that although
antigen-specific antibody response to a soluble antigen declines in 18-month old mice, total
levels of serum antibodies as well as frequencies of spleen and bone marrow antibody-
producing cells are increased in aged mice. In addition, proliferative response of non-
stimulated spleen T cells from aged mice were augmented and insensitive to increasing
doses of concanavalin A stimulation as compared to young mice that showed a typical dose-
dependent response to mitogen stimulation in vitro (Speziali et al, 2009). These data
altogether suggest that the higher activation mode of B and T cells in senescent mice is a
result of an increased frequency of cells committed to previous antigenic experiences and
with poor ability to respond to novel antigenic challenges. Therefore, it is expected that oral
tolerance to OVA would be affected by aging.

To understand the mechanisms involved in the age-associated decline of mucosal immune
function, regulatory elements that are reported to participate in oral tolerance were
evaluated. Our hypothesis was that some of these elements would be reduced during aging.
However, we did not expect to find a general decline in all regulatory functions of the gut
mucosa since we have already shown that oral tolerance is still induced in aged mice when a
continuous feeding regimen is used (Faria et al, 2003).

Major parameters of gut architecture such as length of the villi or number of intraepithelial
lymphocytes (IELs) did not change in mice as old as 24 months when compared with 2-
month old mice. No change was observed either in the sizes and cell contents of lymphoid
organs such as spleen, mesenteric lymph nodes or Peyer’s patches. However, frequency of
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TCRγδ+, but not TCRαβ+ IELs was diminished in 12- to 24-month-old mice. Ishimoto and
coworkers also found a similar decrease in TCRγδ+ IEL in aged mice (Ishimoto et al, 2004).
This subset of IEL was previously described as involved in gut regulatory activities. It has
been shown that in vivo blockage (Mengel et al, 1995) or genetic deletion of TCRγδ (Ke et
al, 1997) is associated with failure in oral tolerance induction. Moreover, αδ+ IELs are
involved in modulation of colitis induced by dextran sodium sulfate (DSS) in mice (Chen et
al, 2002) and γδT cell clones from IEL inhibit the development of cytotoxic T cells (Kapp et
al, 2004) suggesting that αδ+ IELs have immuno-regulatory properties. In addition, we
found a lower frequency of TCRαβ+CD8αα+ IEL in 24-month old mice. This subset of IEL
represents thymic-educated T cells that completed its development in the gut (Lambolez et
al, 2007). They are described to prevent colitis induced by the transfer of
CD4+CD25+CD45high T cells to immune-deficient mice (Poussier et al, 2002). These cells
also express constitutive levels of the anti-inflammatory cytokines TGF-β1 and TGF-β3, as
well as other modulatory proteins such as LAG-3 and the novel immune coagulant fgl2/
fibroleukin both of them found in CD4+CD25+Foxp3+ regulatory T cells (Denning et al,
2007). It is plausible that the reduction of these two regulatory-type IEL subsets in aged
mice influence susceptibility to oral tolerance.

By contrast, when regulatory T cells in the gut mucosa were evaluated, an increase in
CD4+CD25+Foxp3+ and CD4+CD25+LAP+ cells was found in mesenteric lymph nodes
(MLN) and Peyer’s patches (PP) of mice from 6-24 months of age when compared to young
control animals (2-month old), suggesting that these T cell subsets augment after sexual
maturity but remains stable afterwards. The same result could be seen in lamina propria (LP)
but only in mice from 12 to 24 months of age. Frequency of CD4+CD25+Foxp3+ T cells
was also augmented in spleen of 24-month old mice (data not shown). Peripherally-induced
but not natural CD4+CD25+Foxp3+ T cells have been reported as essential for oral
tolerance induction in mice (Mucida et al, 2005; Curotto de Lafaille et al, 2008). We could
not distinguish the contribution of peripherally-differentiated versus natural FoxP3+ Tregs
for the general increase in the population of FoxP3+ Tregs in the gut mucosa during aging.
Candidates of specific markers for thymus-derived Foxp3+ Tregs, such as the transcription
factor Helios, have been recently described (Thornton et al, 2010). It would be interesting to
perform such a distinction since thymus is one of the most affect lymphoid organ during
aging. CD4+LAP+ T cells represent a subset of regulatory T cells expressing TGF-β bound
to their membranes in its precursor form (associated with the latent associated peptide,
LAP). They participate in the control of intestinal Inflammation in experimental models of
colitis (Nakamura et al, 2004; Oida et al, 2003) and they have been recently reported as a
distinct subset of T cells with regulatory function (Ghandi et al, 2010). In parallel to the rise
in the frequency of these T regulatory subsets, an increase in frequencies of activated
CD4+CD44+ cells in MLN, PP and LP, as well as in spleen (data not shown) was detected in
aged mice. Our results are in agreement with Han and coworkers who showed increased
frequencies of Foxp3+ and CD44+ CD4+ T cells in SJL/J mice. According to this study,
Foxp3+ CD4+ T cells are augmented in spleen and MLN but not in thymus suggesting that
they are peripherally-induced regulatory T cells (Han et al, 2009). Aging is usually
associated with a substantial reduction in the frequency of naive with concomitant augment
in memory T cells (Taub and Longo, 2005), a phenomenon that was observed in our study in
MLN and PP of 12-month-old mice. It is likely that the increase in frequencies of regulatory
adaptive T cells observed in our study is part of the general activated state of lymphocytes in
aged mice. Interestingly, it has been shown that the effector T cell pool has the ability to
index their expansion to the regulatory T cell pool via IL-2 secretion (Almeida et al, 2006).
Thus, it is plausible that the age-related increase in the frequencies of Tregs in our study can
be seen as a compensatory mechanism to keep at least some gut homeostasis during a
process that affects other regulatory elements in the intestinal mucosa.
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Curiously, there was an increased CD4+CD62L+ T cells only in lamina propria of 24-month-
old mice. This increase in CD62L+ T cells in LP compartment was not due to a increase in
memory/effector T cells as there was no difference in CD4+CD44+CD62L+ cells between
aged and young mice (data not shown). One possible explanation is that activated T cells in
the lamina propria regain CD62L expression to recirculate back to the gut mucosa.

A major factor influencing oral tolerance induction is regulatory cytokines such as TGF-β
and IL-10 (Sonoda et al, 1989; Faria and Weiner, 2006; Rizzo et al, 1999). IL-10 deficient
mice develop spontaneous enterocolitis as a sole pathological alteration (Kuhn et al, 1993)
and gut inflammation in these mice is associated with breakdown of oral tolerance to
intestinal microbiota (Duchmann et al, 1996). TGF-β also has been shown to participate in
oral tolerance induction and in modulation of colitis in a series of experimental models
(Faria and Weiner, 2006). Both cytokines were decreased in the duodenum of aged mice
while IL-4 was augmented and IFN-γ was not altered. Concentration of IL-10 was reduced
not only in duodenum but in all portions of small intestine examined. Of note, lymphocytes
are not homogeneously distributed in the intestinal mucosa, and duodenum is where most of
the diffuse lymphoid tissue is located (Mowat, 2003). In addition to their direct action in IgA
class switch and suppression of inflammatory events, IL-10 and TGF-β are linked to the
peripheral conversion of regulatory T cell such as CD4+CD25+Foxp3+ T cells (Wan and
Flavell, 2006) and CD4+LAP+ T cells (Ghandi et al, 2010). This differentiation role did not
seem affected by the aging process since both populations of Tregs were augmented in aged
mice. It is possible that reduction in the production of IL-10 and TGF-β in the small intestine
in addition to the reduction in the frequencies of TCRγδ+ and TCRαβ+CD8αα+ IELs play a
direct rather than an indirect role in the impairment of oral tolerance induction in old mice.

Dendritic cells are the main antigen-presenting cells and they have been associated with
deletion or silencing of auto-reactive lymphocytes as well as induction or regulatory T cells
leading to peripheral tolerance (Faria et al, 2005; Hawiger et al, 2004). They are also key
elements in oral tolerance induction (Viney et al, 1998; Fleeton et al, 2004), and previous
studies have shown that mucosal DCs have immune suppressive properties (Iwasaki, 2007;
Mucida et al, 2007). Few reports exist describing the aging effects on phenotype and
function of DCs and other antigen presenting cells in the gut. We found increased expression
of CD86 in DCs as well as macrophages from MLN and PP of aged mice. Simioni and
coworkers reported recently that aged is associated with decreased expression of CD86 and
impaired ability to stimulate proliferation by spleen DCs (Simioni et al, 2010). These
authors did not examine DCs from mucosal sites and mice in their work were fed and
immunized whereas mice used in our study were non-manipulated. When tested for their
function as antigen presenting cells in co-cultures of T cells and DCs from spleen as well as
MLN of young and old mice, DCs from MLN were clearly more affected by aging than
those from spleen. This result is in agreement with reports suggesting that the aging impact
can be observed earlier in the mucosal immune system than in the systemic immune
compartment (Koga et al, 2000). Interesting, concomitant reduction in TGF-β production
and in the induction CD4+CD25+LAP+ T cells was observed in co-cultures containing DCs
from aged mice.

Both CD25+ and CD25− LAP+ T cells were shown to bear modulatory properties in
experimental models of colitis (Nakamura et al, 2004; Oida et al, 2003). Interestingly,
murine CD4+ T cells can be induced to express LAP either by forcing Foxp3+ expression or
by stimulation with TGF-β in a Foxp3-independent fashion (Oida and Weiner, 2010).
Therefore, some of the CD4+LAP+ T cells represent a distinct regulatory T cell subset that
does not need Foxp3 expression to exert its modulatory function. In the co-culture studies,
we found that aged MLN-derived DCs had a lower ability to induce differentiation of
CD25+LAP+ T cells. In spite of that, frequency of CD4+LAP+ T cells was increased in
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MLN, PP and LP of old mice. This result confirmed our previous finding that global
production of immunoglobulins and cytokines is increased in aged mice, but specific recall
immune responses are reduced (Speziali et al, 2008). Indeed, CD4+LAP+ T cells measured
in lamina propria represent a global in situ analysis of this population whereas its
differentiation in cell cultures stimulated with antigen represent a specific recall response.
Moreover, augmented production of effector cytokines such as IL-4 and IFN-γ as well as
IL-10 seemed to result from co-culture of T cells with DCs from MLN of aged mice.
Although T cell compartment is known to be highly affected by aging, our data indicates
that antigen-presenting cells, namely DCs, may also play a key role in the decline of
regulatory immune function at the gut mucosa.

We cannot rule out the possibility that the methodology used to sort cells for culture studies
interfered with our results. We have enriched T cells and DCs by positive selection using
magnetic beads coupled to anti-Thy1 and anti-CD11c antibodies. However, others have
successfully used positive selection approaches for isolation of cells to study the role of DCs
in T cell differentiation in vitro. Recent reports showed that TGF-β and retinoic acid drive
the differentiation of naïve CD4+ T cells into CD4+CD25+Foxp3+ T regulatory cells by
using anti-CD11c beads to purify DCs from mesenteric lymph nodes and spleens (Mucida et
al, 2007; Coombes et al, 2007). The only major difference between these and our co-culture
studies was the use of pure naïve CD4+ T cells in the former ones. Xiao and coworkers also
used positive selection of CD4+ T cells (isolated by magnetic beads followed by cell
sorting) to study the role of retinoic acid in induction of Foxp3 expression and inhibition
RORγt (Xiao et al, 2008).

Altogether, our results indicate that several regulatory-type components of the gut mucosa
were affected by aging in mice. Namely, frequencies of IEL with regulatory phenotype were
lower, production of TGF-β and IL-10 in the small intestine were reduced. In addition, the
ability of DCs from MLN of aged mice to stimulate TGF-β-dependent immune responses
was also impaired. However, not all regulatory elements were altered by aging and adaptive
CD4+CD25+Foxp3+ regulatory T cells at mucosal sites were especially resistant to age-
associated changes. It is likely that the alterations of IEL and cytokine production in aged
mice correlate to the decline in oral tolerance induction. On the other hand, the persistence
of some regulatory mechanisms may explain why oral tolerance can still be fully induced in
aged mice by certain optimal regimens such as continuous feeding (Faria et al, 1998; Faria
et al, 2003).
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Figure 1. TCRγδ +, TCRαβ +, CD8αβ+ and ratio CD8αβ/CD8αα IELs are altered in aged mice
Histology of H&E stained-sections from small intestine of 2 and 24-month-old non-
manipulated mice. Villous length and IEL number were evaluated. Original magnification:
100x and 200x (A). Flow cytometry and frequency of IEL isolated from 2- to 24-month old
non-manipulated mice stained with fluorescent antibodies to TCRαβ+, TCRγδ+, TCRαβ
+CD8αα+ and TCRαβ+CD8αβ+ were gated in total lymphocytes (B-E). Bars represent the
mean ± SEM of 5 mice per group. Letters (a, b) represent differences among groups (p<
0.05).
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Figure 2. Production of cytokines in the intestinal mucosa changes during aging
Small intestines from non-manipulated mice from 2 to 24 months of age were removed,
separated into duodenum, proximal jejunum, distal jejunum, ileum and homogenized in
extract buffer. Extract supernatant was collected for cytokine assay. IFN-γ(A-D), TGF-β(E-
H), IL-4(I-L) and IL-10 levels (M-P) were measured by ELISA. Bars represent the mean ±
SEM of 5 mice per group. Letters (a, b) represent differences among groups (p< 0.05).
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Figure 3. Aging is associated with alterations in regulatory-type, naïve and activated mucosal T
cells
Mesenteric lymph nodes and Peyer’s patches T cells were obtained from non-manipulated
mice from 2 to 24 months of age. Frequencies of CD4+CD25+Foxp3+ (A), CD4+LAP+ (B)
CD4+CD62L+ (C) and CD4+CD44+ (D) T cells, gated in CD4+ T cells, were assessed by
flow cytometry. Bars represent the mean ± SEM of 5 mice per group. Letters (a, b) represent
difference between groups (p< 0.05).
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Figure 4. Expression of co-stimulation molecules CD80/86 in F4/80 and CD11c+ cells is affected
by aging
Mesenteric lymph nodes, Peyer’s patches and small intestine lamina propria cells were
obtained from non-manipulated mice from 2 and 12 months of age. Histogram of CD80 (A)
and CD86 (E) gated in F4/80+ cells as well as CD80 (I) and CD86 (M) gated in CD11c+
cells. Bars show the median (MFI) of cells stained with fluorescent antibodies anti-CD80 (B,
C and D) gated in F4/80+ cells, anti-CD86 (F, G and H) gated in F4/80+ cells, anti-CD80 (J,
K and L) and anti-CD86 (N, O and P) gated in CD11c+ cells. Median (MFI) of double
positive cells, gated in total granulocytes, was assessed by flow cytometry. Bars represent
the mean ± SEM of 5 mice per group (*p< 0.05).

Santiago et al. Page 16

Immunobiology. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. DCs from MLN of aged mice are less efficient to induce TGF-β production and
CD4+LAP+ regulatory T cells when co-cultured with OVA-TCR transgenic T cells
Pooled DCs were obtained from mesenteric lymph nodes and spleen of 5 non-manipulated
mice (2 and 12-month-old). Pools of T cells were obtained from spleen of 5 non-
manipulated DO11.10 mice (2-month-old). DCs from 2- or 12-month-old mice from MLN
or spleen were co-cultured with T cells from 2-month-old DO11.10 mice and stimulated
with either medium or OVA (1mg/ml) for 72h at 37°C. Supernatants were collected for
cytokine assays. IFN-γ (A), IL-4 (B), IL-10 levels (C) and TGF-β (D) were measured by
ELISA, frequency of CD25+LAP+ cells (E), gated in CD4+ T cells, assessed by flow
cytometry.
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