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The elderly are characterized by mucosal immunosenescence and high rates of morbidity and mortality
associated with infectious diseases of the intestinal tract. Little is known about how the differentiation
of immunoglobulin A (IgA) plasma cells in Peyer’s patches (PPs) and their subsequent homing to the
small intestinal lamina propria (LP) is affected by aging. Quantitative immunohistochemical analyses
demonstrated a 2-fold increase in the number of IgAþ cells in the PPs, coupled with significant declines
in the numbers of IgAþ and antibody-positive cells in the intestinal LP of senescent rats compared to
young adult animals. These data suggest that aging diminishes the emigration of IgA immunoblasts
from these lymphoid aggregates, as well as their migration to the intestinal LP. Flow cytometry and
lymphocyte adoptive transfer studies showed 3- to 4-fold age-related declines in the homing of
antibody-containing cells and mesenteric lymph node lymphocytes to the small intestines of rhesus
macaques and rats, respectively. The number of peripheral blood IgA immunoblasts expressing the
homing molecule a4b7 declined 30% in senescent rats. This was accompanied by a .17% decrease in
the areal density of LP blood vessels staining positive for the cell adhesion molecule MAdCAM-1.
Cumulatively, declines in expression of these homing molecules constitute a substantial age-related
diminution of IgA immunoblast homing potential. In vitro antibody secretion by LP plasma cells, i.e.
antibody secreted per antibody-positive cell, remains unchanged as a function of donor age. Intestinal
mucosal immunosenescence is a consequence of reduced homing of IgA plasma cells to the intestinal
LP as a result of declines in homing molecule expression.
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INTRODUCTION

Intestinal Mucosal Immune System

Mucosal surfaces constitute a discrete compartment of the

immune system by virtue of a different immunoglobulin

isotype (immunoglobulin A, IgA), a unique process for

generating an immune response and an independent

lymphocyte subpopulation. The human intestine is the

largest, single immune organ; it consists of .400 m2 of

mucosal surface available for antigen uptake; it contains

.70% of an organism’s plasma cells and it produces more

IgA than the organism’s production of immunoglobulin G

(IgG). Mucosal surfaces are the first line of immune

defense and IgA antibodies neutralize toxins, block the

adherence of bacteria to the epithelium and reduce the

penetration of antigens across the mucosa. Mucosal

immunity depends on the cooperation of lymphoid and

epithelial cells to initiate and to maintain an immune

response. An effective response in the intestine involves:

(1) binding, uptake, transport of antigen at the mucosal

surface, antigen presentation by dendritic cells or

macrophages within the Peyer’s patches (PPs) and IgA

isotype switching, (2) maturation and homing of antigen-

stimulated PP IgA B immunoblasts to the intestinal lamina

propria (LP), (3) local antibody production by mature IgA

plasma cells in the LP and (4) transport of IgA antibodies

across the intestinal epithelium to the mucosal surface by

pIg receptor. Diminished intestinal IgA antibody titers in

the elderly may reflect age-associated deficits in one or

more of these critical events.

Aging and Intestinal Immunity

The elderly, i.e. .65 years, constitute the most rapidly

growing subpopulation in the United States. The number

of elderly in the US is estimated at 33 million and this

number will double by 2030. This age group presents
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the single, most significant fiscal burden to the healthcare

system and has a high morbidity and incidence of

infectious diseases (Wick et al., 2000; Yoshikawa, 2000).

In the elderly, the intestinal tract is particularly sensitive to

infectious diseases, suggesting that mucosal immune

defenses are compromised (Fagiolo et al., 1993; Gransden

et al., 1994; Owen and Lew, 1995; Jeandel et al., 1996;

Ginaldi et al., 2001; see Powers, 1992 for a review). The

efficacy of many oral vaccines diminishes with increasing

recipient age; further evidence of a decline in mucosal

immune responsiveness (Fujihashi et al., 2000). Further-

more, clinical studies have demonstrated muted intestinal

IgA antibody responses to specific antigens in geriatric

subjects (Beharka et al., 2001; see Schmucker et al., 1996

and Schmucker and Owen, 1997 for reviews).

Although the serum IgA levels are elevated in the

elderly, these titers reflect the level of monomeric, non-J-

chain-containing IgA that does not bind to the polymeric

immunoglobulin receptor (pIgR) and is not transported to

the mucosal surface as secretory IgA (Ebersole et al.,

1985; Penn et al., 1991). There are no age-related

differences in the nonspecific immunoglobulin titers in the

intestinal lumen, either in vivo or in the medium of

cultured duodenal biopsies (Arranz and Ferguson, 1992;

Ginaldi et al., 2001). However, nonspecific immuno-

globulin levels in intestinal secretions are poor indices of

the vigor of a mucosal immune response; whereas specific

antibody titers are a more critical measure of mucosal

immunity (Schmucker et al., 1988; Taylor et al., 1992;

Vajdy and Lycke, 1992). For example, biliary and

intestinal anti-cholera toxin (CTx) IgA antibody titers

decline with increasing age in rodents and monkeys,

respectively (Schmucker et al., 1988; Taylor et al., 1992).

Clinical studies have also documented age-related

declines in other mucosal IgA antibody responses

(Waldmann et al., 1987; Beyer et al., 1989; Fujihashi

et al., 2000).

The following is an analysis of the effects of aging on

the major events that contribute to an intestinal mucosal

immune response. Most of the data presented have been

generated in our laboratory; some have been published

previously and are so indicated, whereas others have not

been published.

Step 1: Antigen Uptake and Processing, Isotype
Switching and Emigration of IgA Immunoblasts from

the PPs

There have been no substantial studies on the effects of

aging on the binding or uptake of antigens by M cells or

follicle-associated epithelium. Follicle weight and the yield

of PP lymphocytes have been reported to decline with

increasing age in mice (Kawanishi and Kiely, 1989).

However, our own studies have shown that neither the

number of PPs in young adult, mature and senescent rats,

i.e. 15.5, 15.7 and 14.4 patches per intestine, respectively,

nor the yields of lymphocytes from these lymphoid

aggregates, varies with age in rats (Schmucker et al., 1988).

Furthermore, we are unaware of any definitive data

concerning the effects of aging on the passage of antigens

across the intestinal absorptive epithelium, i.e. the

enterocytes.

Mucosal antigens are processed by dendritic cells or

macrophages located in the PPs. The antigen-presenting

capacity of dendritic cells from the skin appears to be

unchanged during aging, but dendritic cells from the PPs

have not been studied (Castle et al., 1999; Lung et al.,

2000).

We are unaware of any studies that have specifically

examined the efficacy of isotype switching in putative PP

IgA immunoblasts as a function of age. Lycke et al.

showed that CD19 cells are involved in the regulation of

IgA isotype switching following immunization with a

T-lymphocyte-dependent antigen, but there are no data

concerning the effect of aging on either the number or

function of this cell subpopulation (Gardby and Lycke,

2000). Shifts in intestinal B and/or T lymphocyte

subpopulations or in the relative distributions of

lymphocyte subsets may contribute to diminished

intestinal immunity in old animals. Kawanishi and Kiely

reported a loss of CD8 (Tsuppressor lymphocytes) in the PPs

of old mice, whereas our flow cytometric studies did not

demonstrate a shift in the size of this subpopulation in rat

PPs (Kawanishi and Kiely, 1987; Daniels et al., 1993a).

However, our subsequent immunohistochemical analyses

revealed marked age-related differences in the distribution

of CD8 cells in the PPs of these old animals (Daniels et al.,

1993a). We also observed 2- to 3-fold age-related

increases in the number of IgAþ cells in the PPs of

naı̈ve and CTx-immunized rats. More recently, using

ELISPOT analysis we demonstrated that the PPs of old

rats contain 2-fold fewer anti-CTx-IgA secreting cells in

comparison to the PPs in young adult animals (Thoreux

et al., 2000). Despite the marked increase in the total

number of IgAþ cells, these data suggest that fewer IgA

immunoblasts are stimulated to produce anti-CTx

antibodies in the old animals. The absence of any obvious

impairment in lymphocyte switching to the IgA isotype in

senescent rats, the marked increase in the population of PP

IgAþ cells and the infiltration of CD8 T cells into the PP

follicles, suggest that T cell suppression of IgA

immunoblast maturation and emigration from the PPs

may contribute to mucosal immunosenescence.

Step 2: IgA Immunoblast Homing to the Intestinal LP

We have hypothesized that the homing of IgA

immunoblasts from the PPs to the intestinal LP is

diminished during aging. Several lines of evidence

substantiate this hypothesis. First, the number of IgAþ

cells in the PPs increases 2.5-fold in senescent versus

young adult rats, suggesting that they fail to emigrate from

these lymphoid aggregates (Daniels et al., 1993a). Second,

our quantitative immunohistochemical analyses demon-

strated concomitant age-related declines in the numbers of

IgAþ (.60%) and CTxþ (.50%) cells in rat intestinal LP
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following intraduodenal immunization (Schmucker et al.,

1988; Fig. 1). Taken together, the data from our two

separate studies suggest that the emigration of putative

IgA plasma cells from the PPs and their subsequent

homing to the intestinal LP are compromised in senescent

rats. Third, the size of these same cell populations are 3- to

4-fold lower in the peripheral blood of old rhesus

macaques in comparison to young adult animals,

suggesting that the number of migrating cells is

diminished with age (Taylor et al., 1992). Fourth, there

is a marked shift of CD8 cells (Tsuppressor lymphocytes)

from the interfollicular zones of PPs into B cell follicles in

senescent rats, suggesting the possibility of T lymphocyte

downregulation of IgA immunoblast maturation and

emigration (Daniels et al., 1993a). Fifth, the homing of

mesenteric lymph node lymphocytes to the intestinal LP

following adoptive transfer is diminished in senescent rats

in comparison to young adult animals (Thoreux et al.,

2000; Fig. 2). The migration of fluorescent-labeled

lymphocytes was lowest when old recipients received

cells from old donors and greatest when young adult cells

were transferred into young adult recipients. It is striking

that lymphocytes from young animals exhibit reduced

homing in old recipients. This observation has been

confirmed by Ogino and co-workers (2001). Cumulat-

ively, these data suggest that aging compromises the

intestinal mucosal immune response at the inductive site

by inhibiting the migration of IgA immunoblasts to the

effector site, the intestinal LP.

Farstad et al. showed that IgA immunoblasts destined to

leave the PPs for the intestinal LP exhibit an adhesion

molecule profile of a4b7high/L-selectinlow (Farstad et al.,

1995; 1997). In an effort to identify the cause of

diminished IgA immunoblast migration, we measured the

expression of the gut lymphocyte homing integrin, a4b7,

on peripheral blood mononuclear cells using flow

cytometry. Our study demonstrated a 30% decline in the

percentage of cells expressing this critical integrin in

senescent rats in comparison to young adult animals

(Fig. 3). The expression of L-selectin, an integrin

implicated in the homing of lymphocytes to peripheral

lymph nodes and in the early steps of lymphocyte rolling

and attachment to the endothelial cell adhesion molecule,

MAdCAM-1, in the intestinal LP also diminishes during

aging (Ogino et al., 2001). Data from our quantitative

immunohistochemical and stereological analysis of CD31

(all endothelial cells) and MAdCAM-1 (high endothelial

venules) expression in the intestinal LP during aging in

rats support our hypothesis, but are inconclusive. The

intestinal LP/submucosa in old rats contained 9% more

profiles of CD31þ blood vessels per unit area in

comparison to tissue in young adult animals; whereas

the density of MAdCAM-1þ vessels was 17% lower

and approached statistical significance in the old rats.

FIGURE 1 Number of (A) IgAþ and (B) cholera toxoidþ cells in the
small intestinal LP of young (3–6 months), mature (12–14 months) and
old (.24 months) male Fischer 344 rats immunized and boosted
intraduodenally with cholera holotoxin (immunized) or vehicle alone
(naı̈ve). The number of IgAþ cells drops markedly between young and
mature animals, whereas the decline in specific antibody-containing cells
occurs between maturity and senescence. Quantitative
immunohistochemical analysis; each value represents the mean ^ SEM
for 5 animals.

FIGURE 2 The number of PKH26 fluorescent-labeled mesenteric
lymph node cells isolated from young or old donor rats, transferred
intravenously into young or old recipient animals and localized to the
small intestinal LP by quantitative fluorescence microscopy. The values
represent the mean ^ SD of fluorescent-labeled cells 20 h following
adoptive transfer. The value for young cells into young recipients is
significantly greater than those for either (A) young cells into old
recipients (*) or (B) old cells into old recipients (**). Values represent the
mean ^ SEM for 4–8 animals.
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These contrasting age-related shifts in the areal densities

of CD1 and MAdCAM-1 stained vessel profiles yielded a

23% increase in the CD31/MAdCAM-1 areal density ratio

in the old animals. The age-related declines in the

expression of a4b7 and MAdCAM-1 on peripheral blood

cells and intestinal LP venules, respectively, suggests a

substantial diminution of the IgA immunoblast homing

potential. The basis for diminished homing molecule

expression in old animals is unknown, but may reflect

shifts in the sensitivity to or in the levels of inflammatory

cytokines, chemokines or neuropeptides (Takeuchi and

Baichwal, 1995).

Step 3: Local IgA Antibody Production

Aging is reported to result in 40–70% declines in antibody

secretion by PP and intestinal LP lymphocytes isolated

from mice and rats (see Schmucker et al., 2001 for a

review). Daniels et al. measured antibody secretion by

gut-associated lymphoid tissue lymphocytes isolated from

young and old rats following intraduodenal immunization

with CTx (Daniels et al., 1993b). Anti-CTx IgA antibody

secretion by mesenteric lymph node lymphocytes from

young animals was significantly greater than that by

similar cells isolated from old rats. However, these data

were based on the total number of cells in the culture and

did not account for possible age-related differences in the

relative number of antibody-secreting cells.

In a recent study, we demonstrated that the in vitro

secretion of anti-CTx-IgA antibodies by lymphocytes (per

106 total cells) isolated from the intestinal LP of senescent

rats is significantly lower (.60%) than that of similar

cells obtained from young animals (Thoreux et al., 2000;

Fig. 4). However, expressing antibody secretion per

number of anti-CTx-IgA secreting cells (per 106 specific

antibody-secreting cells) eliminated this apparent age-

related difference. Despite our previous finding that the

number of CD8 lymphocytes in the intestinal LP increases

,2.5-fold in rats between 3 and 29 months of age, our

recent data suggest that IgA antibody secretion by LP

plasma cells is not suppressed in old animals. Moreover,

the age-related decline in antibody titers in the intestinal

lumen reflects fewer secreting cells, rather than dimin-

ished antibody secretion per cell.

Cholecystokinin (CCK), the most prevalent neuropeptide,

has been shown to enhance IgA secretion into the intestinal

lumen, a response that is muted by blocking the CCK

receptor (Freier et al., 1987; Medina et al., 1998, 1999).

Furthermore, CCK secretion is diminished in old rats,

suggesting that a decline in this neurotransmitter/gut

hormone contributes to mucosal immunosenescence

(Alverdy et al., 1997). On the one hand, we recently showed

that 1028 M CCK enhances in vitro anti-CTx IgA secretion

by LP lymphocytes isolated from young adult and senescent

FIGURE 3 Flow cytometric analysis of the expression of the homing
integrin a4b7, the integrin monomer a4 and IgA on the surface of
peripheral blood mononucelar cells isolated from young and old rats. The
relative percentages of cells expressing either IgA or a4 remain
unchanged as a function of donor age. However, the expression of the
homing molecule a4b7 declines by approximately 30% in cells from old
rats (*) in comparison to those isolated from young animals (P , 0.01).
Each bar represents the mean ^ SD for 12 young or 7–8 old rats.

FIGURE 4 Anti-CTx IgA levels in cultures of lymphocytes isolated
from PPs and small intestinal LP of young and old rats 7 days after
intraduodenal boost with cholera holotoxin. The data are expressed as
(A) nanograms of anti-CTx IgA antibody per 106 total lymphocytes and
(B) nanograms of anti-CTx IgA antibody per 103 anti-CTx antibody-
secreting cells. The lower antibody levels (P , 0.05) measured in
(A) reflect fewer antibody-secreting cells per 106 total lymphocytes in old
rats since the antibody-secreting capacity of the specific plasma cells is
undiminished with age (B). The values represent the mean ^ SEM for
5 animals per age group.
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rats by ,140% in comparison to their respective non-

stimulated age cohorts. On the other hand, preliminary

studies also suggest that Substance P, an intestinal

neuropeptide with immunoregulatory properties, does not

enhance in vitro anti-CTx IgA antibody secretion by LP

plasma cells isolated from either young adult or senescent

rats. The importance of age-related changes in the levels of

immunoregulatory molecules or in the sensitivity of target

lymphocytes to these molecules remains unresolved.

Step 4: Antibody Transport Across the Intestinal

Epithelium and Secretion onto the Mucosal Surface

The intestinal immune response culminates in the

transport of antibodies across the intestinal epithelial

cells and their secretion onto the mucosal surface, a

process that requires receptor-mediated endocytosis at the

basal plasma membrane and vesicle translocation to the

cell’s apical surface. We previously reported a 4- to 6-fold

decline in the transport of polymeric IgA (pIgA) from

blood to bile in rats between 3 and 25 months of

age (Schmucker et al., 1985). Furthermore, we showed

a concomitant 3- to 4-fold decline in the number of pIgA

receptors (pIgR) across this same age span (Daniels et al.,

1985). We and others showed that (a) the rat hepatic pIgR

mRNA steady state level declines 20% between these ages

and (b) the incorporation of [35S]-cysteine into pIgR lags

in cultured hepatocytes isolated from old rats in

comparison to cells from young animals (Gregoire et al.,

1992; van Bezooijen et al., 1994). Therefore, the decline

in hepatic pIgR expression contributes to reduced IgA

secretion into the bile and, ultimately, to a diminished

intestinal immune response in rats.

However, the hepatobiliary transport of pIgA is an

important secretory pathway in only a few animals (e.g.

mice, rats, rabbits). In most species, including primates,

IgA antibodies are transported to the intestinal lumen

across the mucosal epithelial cells by the same pIgR

mechanism. Our previous study demonstrated that pIgR

expression on the basolateral plasma membranes of rat

small intestinal epithelial cells remains unchanged during

aging (Daniels and Schmucker, 1987; Fig. 5). Crypt

enterocytes exhibit a 3-fold greater binding of pIgA than

do villus tip cells, but this crypt-to-villus tip gradient in

pIgR expression is identical in young and old rats and a

similar pattern is seen in rhesus macaques (Daniels et al.,

1988; Taylor et al., 1992). The absence of an age-related

shift in the expression of pIgR suggests that antibody

binding by intestinal epithelial cells remains unscathed by

aging. However, little is known about the effect of aging

on steps subsequent to antibody binding by intestinal

epithelial cells, i.e. endocytosis and vesicular transloca-

tion to the mucosal surface.

CONCLUSIONS

Aging is associated with a decline in the intestinal

mucosal immune response that results in diminished

IgA antibody titers in the intestinal lumen and, as

a consequence, marked increases in the morbidity and

mortality due to infectious diseases. Intestinal immuno-

senescence does not result from declines in IgA antibody

secretion by plasma cells in the intestinal LP or in the

subsequent receptor-mediated binding of IgA to intestinal

epithelial cells. Current evidence suggests that the

emigration of IgA immunoblasts from the PPs and their

subsequent homing to the intestinal LP is compromised in

senescent rats in comparison to young adult animals.

Although we have not yet established a direct causal

relationship between diminished lymphocyte homing and

the muted intestinal mucosal immune response in old

animals, the age-related declines in the expression of

critical homing molecules, especially the integrin a4b7,

substantiate our hypothesis.
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