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Genes, Immunity, and senescence:

looking for a link

Summary: Aging is under the control of a small number of regulatory
genes. Mice genetically selected for high immune responses, in most cases,
exhibit longer life span and lower lymphoma incidence than do mice
selected for low responses. The link between immunity and aging is fur-
ther evidenced by the age-related alterations of the immune system,
mostly of the T-cell population, in terms of replacement of virgin by
memory cells, accumulation of cells with signal transduction defects, and
changes in the profile of Th1 and Th2 type cytokines. Also, B cells exhibit
intrinsic defects, and natural killer (NK) cell activity is profoundly
depressed by aging. In vitro experiments indicate that IL-2, IFN-y, and IL-4
production by mouse spleen cells changes with aging and may be upreg-
ulated by recombinant cytokines. These findings suggest possible cytokine
interventions to prevent or treat age-related immune disorders, as they
may affect the duration and the biological quality of life.

Introduction

Aging is a process that changes healthy individuals into weak
ones, with decreased performance of most physiological sys-
tems and increased susceptibility to diseases and death. All dis-
abilities, including declines in cardiovascular and neurosensory
functions, immune responsiveness, and resistance to neoplastic
and degenerative diseases, display similar patterns in all mam-
malian species and affect the mean life span. Conversely, the
rate of aging, as expressed by the maximum life span potential
(life span of the longest-lived member of a very large popula-
tion), varies across species in mammals by a 40-fold factor,
from 3 years in rodents to about 120 years in humans. The
mean life span, which is influenced by illness, has been
enhanced greatly in humans since antiquity, owing to improve-
ments in health and living conditions. However, on average,
although people live longer today they still age at the same rate
as in the past, as the age of the longest-lived survivor has
remained the same irrespective not only of place but also, in a

historical context, of time (1).
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Genes and aging

The aging rate is under genetic control, as supported by the fol-
lowing observations: a) All animal species have characteristic
rates of aging; b) The progeny of animals from two inbred
strains has a life span longer than that of either parental strain
(heterosis); ¢) In humans, females live longer than males, as in
most animal species. It is the opposite, however, in some mouse
and rat strains; and d) Parents who die at ages beyond the aver-
age life expectancy have children who likewise are more likely
to live longer.

It should be stressed, however, that non-genetic factors
may also play a role in generating the impairments that lead to
manifestations of aging. The cross-linking of collagen may be a
kind of change that occurs over time and that is probably not
directly influenced by a genetic program and yet might con-
tribute to senescence changes. Thus, at the level of macromol-
ecules, macromolecular stability may not require a genetic
basis. The accumulation of lipofuscin and the denaturation of
organelles and enzyme molecules having regular turnover rates
may represent other examples of molecular changes occurring
over time that do not necessarily require genetic information.
Other non-genetic mechanisms are endocrine and neural fac-
tors which appear to regulate age changes in target cells. It
should be pointed out, however, that the genetic control of
these factors has not been ruled out (2).

The genetic control of the aging rate makes unlikely sto-
chastic processes due to random events (3), and favors pro-
gramed events encoded in part of the genome, as a master
clock, and expressed as molecular mechanisms accounting for
the synchrony of structural and functional changes in different
cells and tissues of each member of a given species (4, 5). Iden-
tification of the genes and processes that set the aging rate dif-
ferently in different species has been attempted using several
approaches.

A limited gene theory of aging (6) has considered the role
of the MHC that controls immunoregulatory cell functions and
interactions. Furthermore, genes within the MHC together
with other MHC-related genes regulating superoxide dismu-
tase, mixed function oxidases, and the level of cyclic nucle-
otides have been postulated to constitute a multigene family
exerting a multifactorial influence on the aging process (7).
Besides affecting immune functions, this multigene family
appears to regulate enzymes protecting from free radical-
induced damage, which accumulates in aging (8), as well as
cyclic nucleotides involved in cell proliferation and differentia-
tion, which show marked age-related alterations (9). Experi-
ments with congenic mice (6) have shown that, although
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genetically identical except for the short MHC region, the mice
within each set display considerable variation in maximum life
span. However, evidence was provided for a complex interac-
tion between a particular allele and the overall genetic back-
ground, as a single allele promotes either longer or shorter life
span depending upon the several backgrounds.

Using congenic mice, it has also been shown that the MHC
influences the DNA repair capacity (10), a property which is
positively correlated with maximum life span in several mam-
malian species (11). The role of DNA repair in cellular aging
has recently raised great interest following the identification of
cellular proteins that play a key role in DNA damage recognition
and repair pathways (12). The damage is firstly recognized by
nuclear proteins displaying helicase activity, and the DNA repair
is then carried out under the control of other proteins. We have
recently investigated the relationship between the helicase ku
protein, involved in the earliest steps of double stranded DNA
break recognition, and the mitotic responsiveness in aging, The
helicase ku protein is a nuclear heterodimer composed of two
subunits of 70 kDa (DNA binding) and 80 kDa. The het-
erodimer ku70/80 interacts with the serine-threonine protein
kinase (DNA-PK) involved in the phosphorylation of nuclear
targets which, in turn, facilitates the processes of DNA repair,
recombination, transcription and replication (13). Our prelim-
inary results from a survey on human populations of different
ages (26-95 years) have shown that peripheral blood lympho-
cytes (PBL) from all elderly subjects (65-95 years) display low
mitotic responses to phytohemagglutinin (PHA), but only a
limited number exhibit reduced amounts of ku70/80, suggest-
ing that age-related impairment in DNA repair is only margin-
ally related to reduced expression of ku protein. As discussed
elsewhere (D. Frasca, P Barattini, C. Goso, S. Pucci, G. Rizzo,
C. Bartoloni, M. Costanzo, A. Frrani, L. Guidi, L. Antico,
A. Tricerri, G. Doria, submitted), a higher frequency of DNA
breaks is required for evident activation of repair processes or,
otherwise, other steps of the cascade of events are more com-
promised than ku protein helicase activity in aging.

Studies on the role of the MHC in determining life span
suggest that it could be the master genetic control region for a
wide variety of functions involved in the aging process (6, 7, 9,
10). In these experiments, however, the role of other genetic
factors, alone or in combination, in life span determination was
not examined. In subsequent studies, different genetic regions
on chromosomes 1, 2, 7, and 12 have, indeed, been found to
interact between themselves and with environmental factors to
influence longevity in recombinant inbred mice of 20 strains
(14). The MHC, located on chromosome 6 in humans and 17

in mice, controls a variety of immune functions, and may play




Table 1. Immunogenetic parameters of five selections
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Maximum interline difference  Selection
Selection  Agglutinin response to  in agglutinin titer (logy) limit Heritability ~ Number of loci  Multispecific effect
| Sheep or pigeon RBC 7.8 F16 021 9-15 large
I Sheep RBC 6.7 F13 020 2-12 intermediate
] Salmoneliae f 6.3 F16 018 7-18 large
v Salmanellae s 65 F13 018 5-12 large, null, reversed
v BSA or RGG 9.8 F7 022 2-4 srall

RBC = red blood cells
BSA = bovine serum albumin

RGG = rabbit gamma globulin

a major role in age-related immunologic alterations, as most of
the diseases observed in senescence have an immunological
pathogenesis associated with the decline of immune responsive-
ness and increased propensity to autoimmune reactivity (15).

The role of immune responsiveness in the aging process
has been investigated in our laboratory on mice genetically
selected for high (H) or low (L) antibody response (Biozzi
mice). As described elsewhere (16), starting from distinct
foundation populations (F0) of outbred mice, five selections
were carried out by two-way assortative breeding for maximal
or minimal agglutinin response to natural immunogens in each
consecutive generation, so that assortative mating of the high-
est responder mice generated the H line while that of the lowest
responder mice the L line. H or L antibody responsiveness
resulted from the interaction of alleles, located at several inde-
pendent loci, which accumulated progressively in H and L mice
during the consecutive generations of selective breeding until
homozygozity at all relevant loci was reached at the selection
limit when the interline difference was maximal. The immuno-
genetic parameters in the five selections exhibited a remarkable
similarity (Table 1).

Analysis of the antibody response in H and L lines, and
interline hybrids of the five selections indicated that high
responsiveness was incompletely dominant, to a variable
extent, in Selections I, II, III, and IV, whereas it was incom-
pletely recessive in Selection V. In all selections, the high or low
effects of the selected alleles are not limited to the selection
antigen but may also influence the immune response to unre-
lated immunogens non-cross-reactive with the selection anti-
gen. This multispecific effect was large in Selections I and III,
intermediate in Selections II and IV, and restricted in Selection
V. Mapping analysis showed that some segregating loci in Selec-
tion I are linked to genes on chromosomes 2, 4, 8, 10, and 18,
but also to genes certainly involved in major immune func-
tions, such as genes on chromosome 6 coding for the TCR, Igk
and CD8, genes on chromosome 12 coding for the IgH, and

genes on chromosome 17 coding for the MHC, TNF-o, TNF-p,
C2 and C4 (17).

Improvement of the effect of selection was obtained by
assortative breeding from two foundation populations, FOH
and FOL, each of which was produced by balanced frequency
of the gene pools from the H or L lines of Selections I, 11, III, TV,
and V. After 16 generations of selection for primary or second-
ary responses to all antigens used in the original five selections,
the difference between H and L lines in antibody responsive-
ness was remarkably amplified and the multispecific effect of
the selection was generalized to several antigens. These results,
obtained in Selection GP for general-primary and Selection GS
for general-secondary responses, suggest that more genes with
upward effects had accumulated in H mice or, rather, more
genes with downward effects had accumulated in L mice dur-
ing both selections.

Selective breeding was also carried out for mitotic respon-
siveness of lymph node cells to in vitro stimulation by PHA. The
selection limit was reached after 10 generations, the realized
heritability was 0.24, low responsiveness was incompletely
dominant, and the character was under the control of 10-19
independent loci. These H and L responder mice also displayed
a similar difference in responsiveness to concanavalin A
(ConA), mixed lymphocyte reaction, and graft-versus-host
reaction, but produced the same antibody titer when immu-
nized with sheep red blood cells,

As reported elsewhere (18), whether selection breeding
for a polygenic character, such as antibody responsiveness, also
affects life span was investigated in Selections I, 11, I1I, and GS.
The life span was longer in H than in L mice of Selections I and
I, but no difference was found between H and L mice of Selec-
tion III (Table 2).

The positive correlation between antibody responsiveness
and life span was further analyzed in interline hybrids of Selec-
tion IT and found statistically significant in most of these mouse
populations. Moreover, the life span of the last surviving 20%,
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Table 2. Immune response, life span, and lymphoma incidence
in high and low antibody responder mice

Agglutinin -~ Mean life span  Lymphomas

Selection Line  No.of mice fiter (log) (days + SD) (%)
| H 23 127 723+216 4

L 47 49 562 + 130 30
1 H 131 14 712 £ 148 14

L 139 52 446 + 110 35
I H 189 127 611 £ 153 12

L 130 6.2 622 + 166 12
GS H 195 128 615+ 134 12

L 187 36 381 £ 161 61

which was scarcely affected by early disease-induced mortality
and mainly influenced by genes acting on the rate of physio-
logic aging, appeared as a polygenic character regulated by 37
independent loci. Of note, long life span was incompletely
dominant in the total population, but life span was longer and
completely dominant in the last surviving 20% (Table 3).

Thus, the results of this analysis suggest that antibody
responsiveness and life span are polygenic traits regulated by a
small number of the same or closely linked loci. In these stud-
ies, the incidence of spontaneous malignant lymphomas was
found to be markedly higher in L than in H mice of Selections
I and II, whereas no difference was found between L and H
mice of Selection IIL.

The influence of immune responsiveness on life span and
tumor incidence was also investigated in H and L mice of the
GS selection at the F16 generation. It was found that the cumu-
lative mortality rate was remarkably higher in L than in H mice,
the difference being accounted for mostly by malignant lym-
phomas that were the major cause of death in L mice. The inter-
line difference in life span and lymphoma incidence in mice of
the GS selection was much larger than that observed in mice of
Selections [ and II (Table 2).

Mice genetically selected for high or low mitotic respon-
siveness to PHA exhibited low or high tumor incidence, respec-
tively, but no difference in life span, suggesting that T-cell
activity is restricted to immune surveillance of neoplastic trans-
formation.

The results of these studies on genetic selection suggest that
age-related immune dysfunctions have a significant impact on
life span and disease. However, it is unclear how genetic selec-
tion, e.g against antibody responsiveness, brings about an
increased incidence of malignant lymphomas that are the pre-
dominant cause of death. It would be interesting to examine
whether the lymphoma incidence could be decreased and the
life span be prolonged by improving immune responsiveness in
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Table 3. Immune response and life span in mice from Selection II

Mean life span (days + SD)

Mouse Log; agglutinin titer  Total Last
population Ne. of mice (mean + SD) population  surviving 20%
H il 114+ 08 712£148 852+ 64

1 119 52%10 446 £110 544 £ 74

F1 153 Pk 0.7 649 £ 186 B47 + 62

F2 m 9812 614 +£183 781+ 85
BcH 174 108 £ 09 6304£215 848+ 71
Bel 102 75+ 14 564 £158 708 + 100

L mice. The results from such an experiment should indicate
whether the negative effects of the selected genes are mediated
by low immune responsiveness or are independent of immune
dysfunctions. On the other hand, the hypothesis that age-related
immune dysfunctions have a significant impact on life span and
diseases is also supported by the study of centenarians, showing
that healthy individuals who have reached the extreme limit of
human life in good clinical condition are equipped with well
preserved and efficient immune defence mechanisms (15).

Aging of immune cell populations

Aging is characterized by decreased humoral and cell-mediated
immunity to a large variety of exogenous antigens and by an
increased propensity to autoimmune phenomena, suggesting
an age-related dysregulation of the immune system (15, 19,
20). Alterations in cellular components of the immune system
rather than in the extracellular milieu accounts for most of the
variations of the immune response with aging (21). The
decrease in immune reactivity with increasing age may reflect
multiple events, affecting cell proliferation and differentiation,
leading to reduction in cell number and function within
immune cell populations (22).

Stem cells, the progenitors of lymphocytes and accessory
cells, have been thoroughly investigated to detect changes in
their proliferative and differentiative capacities, and have been
found in most studies to be unimpaired by aging (20, 23-25).
However, when competitive repopulation assays were used to
detect subtle effects of aging on the ability of bone marrow
stem cells to colonize the thymic stroma, marrow from older
mice was found less able to initiate thymocyte maturation after
in vitro transfer to a young thymic environment. Results from
limiting dilution assays suggest an age-related loss of the pro-
thymocyte frequency in the bone marrow (26). A recent survey
on aging humans has also indicated reduced numbers of com-




Table 4. T cells and T-cell subpopulations in the spleen of aging mice
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Age Tcells  T-cell subpopulation, expressed as percentage of total T cells
(months) (%) Total CD4*  Naive CD4* Memory CD4*  Total CD8*  Naive CD8*  Memory CD8*
34 30 45 59 14 40 92 25
12 30 51 48 23 37 87 48
24 25 50 16 38 ! 57 82
T cells: Thy1*

Naive; CD44iow CD450n
Memary: CD44bh CD45lew
Data adapted from (50, 53, 54)

mitted hematopoietic progenitor cells, as indicated by surface
markers and functions (27).

Age influences both antibody and cell-mediated immune
responses, T-cell responses being more severely affected than
B-cell responses. T-cell proliferative responses to antigens and
mitogens, and T-cell-mediated immune responses, such as
cutaneous delayed-type hypersensitivity, mixed lymphocyte
reactivity, and cell-mediated cytotoxicity, decrease with aging
(28). Precursor frequency analysis of T cells, using limiting
dilution techniques, indicates that the fraction of responding
T-cell precursors declines with aging, but the progeny of each
cell precursor maintains full proliferative capacity and immu-
nocompetence (29).

Aging negatively affects the membrane structures involved
in the early events of T-cell activation (30, 31). T cells from
aged mice exhibit defects in calcium mobilization (32-35) and
protein phosphorylation due to both tyrosine-specific (36, 37)
and serine-threonine-specific (38) kinases which lead to
changes in signal transduction pathways. The initial biochemi-
cal events following TCR stimulation, such as induction of the
secondary messengers IP3 and DAG, have been described to be
either severely compromised (39) or slightly decreased by
aging, although the activity of phospholipase C, which gener-
ates IP3 and DAG, appears to be unaffected by aging (40). These
contrasting results may reflect the use of different experimental
procedures. Both the GTPase activity and the level of G proteins
were found to change in lymphocytes from old individuals, the
most significant alterations being found in the amounts of Gi
and Gq subtypes (41). Studies on protein kinase C (PKC) iso-
forms (e, B, . £) revealed different profiles in lymphocytes from
young and old individuals (41). Only PKCp, but not the other
isoforms, is able to translocate into the nucleus of activated
lymphocytes from elderly subjects, whereas all the isoforms
can translocate into the nucleus of activated lymphocytes from
adult controls.

Signal transduction pathways mediated by the family of
mitogen-activated protein kinases (MAPK) and the multifunc-
tional MEK family, which is composed of MAPK/extracellular
regulated kinases (ERK), have been found to be reduced in
aging (42) in terms of both levels and duration of active MAPK.
Since no age-related differences were found in the expression
of p42mwk/ERK2, p44=+*/ERKI, or MEK, the impairment
appears in the upstream inducers of MEK/MAPK activation. An
increased expression of MAP phosphatase, which counteracts
kinase activity, has also been reported to occur in aging (43).

Reduced activation of several transcriptional factors
involved in the regulation of gene transcription has been found
in aging. Among these factors, AP-1 and NF-AT are decreased
in Tcells from old individuals (42, 44). This age-related
decline in the induction of DNA-binding activity of the tran-
scription factors AP-1 and NF-AT has also been described in old
rats and attributed to changes in the expression of the p21m
kinase-signaling pathway (45). Also, the nuclear NF-kB is
decreased in aging and may be attributed to a higher activity of
the IkB-a inhibitor in aging (46). Unlike c-fos, c-jun (47) and
c-myc (44) are decreased in old individuals. OCT-1 seems to be
unaffected by aging (46, 48).

The decreased T-cell immunity is also associated with
shifts in T-cell subsets and cytokine secretion profiles. Changes
in the splenic T-cell population have been shown to be a con-
sequence of thymus involution (49) and to consist of a gradual
decline in cell number with an increase of the CD4*/CD8* cell
ratio, due to a relative decrease in the CD8* cell number (50).
Although the percentage of splenic CD4* T cells does not
change greatly with age, the composition of this cell subpopu-
lation is quite different in young and old mice. The peripheral
pool of CD4* naive T cells (CD44!™v CD45RBhigh MEL- ] 4hih
3G11%sh), which has been shown to be predominant in young
mice, decreases with age while that of memory T cells
(CD44"eh CD45RBl MEL- 14" 3G11%*) increases (51, 52).
163
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Table 5. Peripheral blood lymphocytes in aging humans

Age Lymphocytes/mm? Percent of CD4* Percent of CD8"
(years) CD3* CD4+ CD8* B NK Naive Memory  Naive Memory
20 1867 1150 753 33 268 56 42 73 26

40 1680 1040 673 267 285 kL) 63 60 gy

60 1480 900 600 200 305 33 66 55 45

80 1330 700 533 133 . 76 53 47

100 1120 670 467 67 345 19 79 51 51

B cells: CD19*

NK cells: CD16*, CD56*, CD57*

Naive: CD45RA*

Memory: CD45RO"
Data adapted from (56, 57)

Similar changes in naive and memory T-cell subpopulations
have also been found to occur in the peripheral pool of CD8*
cells of aging mice (53) (Table 4).

Studies on the role of the thymus in age-related changes of
the naive and memory T-cell pools (54) have indicated that the
young thymus has a greater propensity to provide naive T cells
as compared to the old thymus, which, instead, favors the dit-
ferentiation and maintenance of memory T cells rather than
naive T cells. In humans, it is difficult to assess the contribution
of thymic involution to changes in T-cell functions. However,
there is evidence suggesting that even in very old individuals
sufficient thymic function may be retained to allow naive T-cell
differentiation (55). Analysis of PBL, as performed in aging
humans (56, 57), has shown that the absolute numbers of
CD4+ and CD8* T cells, and of B cells, decrease with age, while
the number of natural killer (NK) cells increases with age, from
20 to 100 years. As observed in the mouse, the percentage of
naive T cells decreases while that of memory T cells increases
with age in both CD4+* and CD8* cell populations (Table 5).

The age-related alterations of the peripheral CD4+*
T-helper-cell subsets in terms of cell-surface phenotype and
cytokine production, as they emerge from the aging thymus,
may produce suitable conditions for T-cell-mediated dysregu-
lation of antibody responses. Hence, an unbalance within the
CD4+ T-cell population may reduce B-cell proliferation and
mutation rate during the antibody response, leading to the pro-
duction of low affinity antibodies with increased cross-reactiv-
ity to self antigens (58-60). Although in some cases autoanti-
bodies are of the IgM isotype, the response to many, if not all,
autoantigens requires T-cell help (61). The appearance of

autoreactive T cells in the periphery (62, 63) is often concom-
itant with the infiltration of organs by CD4* T cells (64),
although evidence of the organ-specific reactivity of these cells
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is lacking. It is likely that autoimmunity is induced and pre-

vented by the interplay of autoreactive and regulatory CD4*
T-cell subsets (65).

The antibody response to exogenous antigens is decreased
in aging, but it is uncertain to what extent this decline reflects
changes in the performance of T cells needed to promote B-cell
activation and differentiation (66) or intrinsic changes in B-cell
functions (67). A negative effect of age on the signal transduc-
tion pathway involving Ca**-dependent PKC has been demon-
strated in murine B cells (68). Moreover, studies on B-cell
hybridomas (69) and single B cells (70) have indicated that
individual cells from aging mice are increasingly likely to pro-
duce antibodies with low affinity and cross-reactive specificity
for foreign and self antigens. Limited data (71) suggest that
aging may lead to major changes in the molecular processes by
which antibody genes are assembled and then selected. Impair-
ment of B-cell generation in bone marrow of old mice, as
shown at the level of pro- and pre-B cells (72), may induce
qualitative as well as quantitative alterations affecting tolerance
and responsiveness of the mature B-cell population.

The ability of accessory cells to support T and B-cell activa-
tion seems unaffected by aging (19). However, the observed
defects in the ability of follicular dendritic cells to process and
present immune complexes may contribute to the decline of
germinal center formation in old mice (58, 73). Furthermore,
the defects in the transport of antigen into lymph node germi-
nal centers by migrating dendritic cells may also contribute to
decreased humoral and cell-mediated immunity (74).

Studies on NK-cell function in old mice have shown a pro-
found loss of NK-cell function when spleen and lymph node
cells were assayed, suggesting that a loss of NK-cell activity
contributes to increasing sensitivity to neoplastic and viral dis-
eases (75, 76). In humans, however, the number of NK cells in




peripheral blood has been shown to increase with aging
(Table 5), while NK activity is decreased in the elderly (77). This
loss of NK-cell activity has been attributed to the impairment
in the phosphoinositide signaling pathway, in particular to
reduced IP3 levels, whereas the intracellular content of perforin
seems to be unaffected by aging (78).

Cytokine production and expression of cytokine receptors

in aging

Accessory cell-derived cytokines
Studies on monocyte/macrophage-derived cytokines have
yielded controversial results, as the aging effects on these cell
populations are extremely dependent upon variations in stim-
uli, culture conditions, and cytokine produced. IL-1 produc-
tion by macrophages from old mice was found unchanged
(19) or decreased (79) as compared to young controls. More-
over, it has recently been demonstrated that macrophages from
old mice constitutively produce higher levels of both p35 and
p40 IL-12 mRNA, as compared to young mice (80), which
may account, at least in part, for altered production of T-cell-
derived cytokines in aging. The spontaneous release of IL-8 by
monocytes is reduced in aging but its lipopolysaccharide-
induced release is higher in old as compared to young individ-
uals (81). Moreover, the monocyte and lymphocyte-derived
TNF-a seems to be increased in aging (82). TNFR p55 and p75
were found unaffected by aging in murine CD8* spleen cells
(83).

T-cell-derived cytokines
T-cell proliferation declines with aging in both mice (19,
84-86) and humans (87, 88). Cell-cycle analysis of PHA-stim-
ulated cells from old individuals indicates a decreased fre-
quency of cells entering the S phase. The age-related impair-
ment in the cell-cycle progression correlates with decreased
expression not only of c-myc (G0/G1 progression marker) and
c-myb (G1/S progression marker), but also of ¢c-jun, IL-2 pro-
duction, and IL-2R expression (47, 89, 90).

Alterations in T-cell proliferation with aging lead to dys-
regulation but not necessarily to reduction of cytokine produc-
tion. Most of the results obtained in both humans and rodents
show reduced IL-2 production and increased IL-4 production
with aging (71, 87, 91-98). However, many controversial
results concerning reduced or unchanged IL-4 release in aging
have also been reported and primarily reflect differences in
stimuli and methods of determination (91, 98, 99). Young
naive T cells produce mainly IL-2 whereas young memory

T cells mainly IL-4. In contrast, in old mice memory T cells
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produce twice as much IL-2 than naive T cells, while the overall
level of IL-2 is significantly lower than that in young mice.
Moreover, in old mice naive T cells produce twice as much IL-4
than memory T cells, while the overall level of IL-4 is at least
the same as that in young mice. The number and/or affinity of
IL-2R expressed on the surface of activated lymphocytes
declines with aging in both mice and humans (100, 101). The
release of the soluble form of the IL-2R (sIL-2R) in culture
supernatants of activated human lymphocytes has been
reported to decline (91, 102) or to increase (103) with aging,
IL-4R mRNA has been described to be similarly expressed in
murine CD8* splenocytes from young and old mice (83).

IFN-y has been described to increase during aging (53, 70,
98, 104), although it was found decreased (91, 105) or
unchanged (106) in some studies. The mRNA level for IFN-/R
is unaffected by aging in murine CD8* splenocytes (83).

The release of hematopoietic cytokines such as IL-3 (107)
and GM-CSF (67) seems severely affected by aging. However,
IL-3 has also been reported to increase in aging (94). IL-5
increases with aging (94) while IL-6 has been reported to be
unaffected (94) or increased (66) by aging.

Also the anti-inflammatory cytokine IL-10 increases in the
serum of old, as compared to young, individuals (69), suggest-
ing that the higher resistance to the septic shock in aging may
be due, at least in part, to increased levels of this protective
cytokine.

Regulation of cytokine production

As recently reported (98), we have investigated the production
of Thl-type (IL-2 and IFN-y) and Th2-type (IL-4) cytokines by
mitogen-activated spleen cells from young (3 months), adult
(11-13 months), and old (19-22 months) mice and its regu-
lation by recombinant cytokines (IL-1p, IL-2, IL-3, IL-4, IL-12,
or IFN-y). It was found that the production of IL-2, as protein
in culture supernatant and mRNA extracted from cultured
CD4* cells, is profoundly depressed by aging, whereas that of
IFN-y, as protein and mRNA, first declines and then increases
with age. The production of IL-4, as protein, monotonically
declines with aging whereas, as mRNA, first decreases and then
increases above the level in young mice.

When spleen cells in culture were incubated with mito-
gens and with a recombinant cytokine at various concentra-
tions, it was found that, by and large, cytokine production was
enhanced when the level induced by mitogens alone was low
(Fig. 1). This conclusion applied to IL-2 and IFN-y production
as protein and mRNA. The enhancing effect on IL-2 production
was more pronounced upon addition of recombinant IL-12,
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Cytokine concetration (U/ml) in culture supernatants

Cytokine added to
mitogens in culture g

| L L L 1 i J | "

IFN-y

500 1000 10

I i

None

IL-1p

IL-2 Not done
IL-3
IL-4

IL-12

Fig. 1. Maximum enhancement of cytokine production by addition of
recombinant cytokines to culture of spleen cells from aging mice. The
spleen cells were incubated with mitogens and with a recombinant
cytokine at various concentrations. Each recombinant cytokine was added
at the contentrations of 0.001-60 U/ml. Mitogen addition was ConA (10
pg/ml) + PMA (50 ng/ml).

which is involved in Th1-cell amplification. Also, the addition
of IL-4 increased IL-2 production, a finding that may result
from the network of interactions among different cells and a
variety of different cytokines. It may be envisaged that IL-4-
induced amplification of the Th2-cell pool leads to increased
release of IL-6, a pleiotropic cytokine with multiple effects on
lymphocytes and accessory cells. IL-6 may, indeed, activate
macrophages to release cytokines, such as IL-12 and IL-1,
involved in Th1-cell maturation. Also, the level of IL-2-specific
mRNA may be effectively upregulated by recombinant cytok-
ines when spleen cells are derived from adult mice, but to a
much lesser extent when spleen cells are derived from old
mice. This finding may be related to changes in post-transcrip-
tional regulation of IL-2-specific mRNA in aging. The stability
of this mRNA may be increased in CD4+ cells from old as com-
pared to young or adult mice, leading to increased protein
release in the culture supernatant. Preliminary results from our
laboratory do indeed favor the hypothesis of an age-related
increase in the half-life of IL-2-specific mRNA, as found when
purified CD4+ cells are activated by anti-CD3 and anti-CD28
mAbs (S. Pucci, G. Doria, S. Barile, C. Pioli, D. Frasca, submit-
ted; C. Pioli, S. Pucci, S. Barile, D. Frasca, G. Doria, submitted).

Our results also show that the production of IFN-y-specific
mRNA and IFN-y protein is lower, but can be increased by
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recombinant cytokines, in spleen cells from adult as compared 'to
young or old mice. These findings are in line with others show-
ing that the concentration of IFN-y released in culture superna-
tants and the amount of mRNA are higher if activated spleen cells
are from old as compared to young mice. Thus, unlike IL-2, the
IFN-y production seems to be independent of age-related differ-
ences in mRNA at the post-transcriptional level.

As to IL-4, we have demonstrated that the production of
this Th2-type cytokine continuously decreases with increasing
age, and could be enhanced by addition of recombinant cyto-
kines only when spleen cells were derived from old mice. Con-
versely, the expression of IL-4-specific mRNA was decreased to
a minimum at an intermediate age, but could be enhanced by
in vitro treatment with recombinant cytokines only when spleen
cells were derived from young mice. These results on the reg-
ulation of IL-4-specific mRNA may reflect possible changes in
transcription rate as well as in post-transcription half-life and
translation kinetics.

In conclusion, our results demonstrate the possibility for
enhancing the synthesis and release of IL-2, IFN-y and IL-4
when their production is deficient. Recombinant cytokines
appear to be appropriate immunomodulators of clinical rele-
vance, Since our data were obtained from a mitogen-activated

heterogeneous lymphoid cell population, such as one made up




of whole spleen cells, they may be more readily related to invivo

conditions as compared to data obtained from the stimulation

of purified cell populations. Activation of whole spleen cells

with mitogens, indeed, induces responses of different cell sub-
sets interacting in the cytokine network. It is our contention
that the use of recombinant cytokines is a powerful approach
for the effective regulation of immune functions in aging. Suit-
able protocols should be devised to increase immune respon-
siveness to exogenous antigens and to prevent expression of

autoimmune reactivity.

Concluding remarks

There is little doubt that maximum life span is genetically
determined and that regulatory genes expressed in the immune
system play a significant role in conditioning the duration and
the biological quality of life. In fact, mice genetically selected
for high immune responsiveness in most cases display longer
life span and lower tumor incidence than do mice selected for
low responsiveness (18).

During senescence, alterations of the immune system

affect both antibody and cell-mediated responses. Within the
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T-cell population, aging leads to the replacement of virgin cells
by memory cells, and to the accumulation of cells with signal
transduction defects. Age-related changes in T-cell subsets and
in the cytokine profile may produce suitable conditions for
T-cell-mediated dysregulation of antibody responses character-
ized by the production of low affinity and self-reactive antibod-
ies. Also, B cells exhibit intrinsic defects, and NK-cell activity
displays a profound fall in old mice and humans.

The existence of a straight relationship between immunity
and aging also stems from the application of methodologies
known to decelerate the aging process, such as controlled
caloric restriction without malnutrition, or mild long-term
lowering of core body temperature. These studies have indi-
cated that life span prolongation is associated with the delay of
the immunodeficiency of normal aging or with the possible
amelioration of the autoimmunity that develops with age
(108). Hence, in line with the possible link between immunity
and senescence, our results on the regulation of cytokine pro-
duction in aging suggest practicable interventions with recom-
binant cytokines to prevent or treat immune disorders in aging.
By this approach, maintenance of a normal balance of immune

functions may prolong life span in healthy conditions.
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