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Abstract

Maximum life span is controlled by genes that regulate molecular mechanisms accounting for the synchrony of structural and
functional changes in di�erent cells and tissues of each member of a given species. The role of immune response genes was

investigated in aging mice genetically selected for high (H) or low (L) antibody response (Biozzi mice). Results from genetic
selection of over 1000 mice showed that genes expressed in the immune system a�ect life span and diseases. In most cases, the
life span is longer in H than in L mice whereas the lymphoma incidence is remarkably higher in L than in H mice. Since DNA

repair capacity is a property positively correlated with the maximum life span in several mammalian species, DNA repair was
studied by use of hydroxyurea, a cell-synchronizing agent, and found to take place in irradiated human PBMC from young and,
to a lesser extent, from adult subjects. Conversely, no repair was detected in irradiated PBMC from elderly subjects. DNA

damage recognition and repair pathways involve several nuclear proteins, as double strand breaks are ®rstly recognized by
proteins displaying helicase activity, such as ku 70/80, and then repair is carried out under the control of other proteins.
Radiation-induced expression of activated ku70/80 proteins, in terms of DNA-binding, was found in PBMC from young-adults

but not from elderly subjects. Maintenance of DNA integrity is fundamental for normal immune functions, as suggested by the
lack of V(D)J recombination in lymphocytes of knock-out mice de®cient in ku 70 or ku 80 protein. However, whether the link
between genetic factors and life span is mediated by the performance of the immune system remains to be demonstrated. # 2000
Elsevier Science Ltd. All rights reserved.
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1. Introduction

Maximum life span is under genetic control, as
suggested by the following observations. (a) All animal
species have characteristic rates of aging. (b) The pro-
geny from the cross of two inbred mouse strains has a
longer life span than either parental strain (heterosis).
(c) In humans, females live longer than males as in
most animal species. (d) Parents who die at ages
beyond the average life expectancy have children who
likewise are more likely to live longer [1].

The genetic control of the aging rate makes unlikely
stochastic processes due to random events and favours

programmed events encoded in part of the genome, as
in a master clock. This genetic complex regulates mol-
ecular mechanisms accounting for the synchrony of
structural and functional changes in di�erent cells and
tissues of each member of a given species. Identi®-
cation of the genes and processes that set the aging
rate di�erently in di�erent species has been attempted
by several approaches [2,3].

Di�erent regions of chromosomes 1, 2, 4, 7, 12 and
17 have been found to interact between themselves and
with environmental factors to in¯uence the median life
span in recombinant mice of 20 inbred strains [4].

2. MHC genes

A limited gene theory of aging has considered the
role of the MHC, which controls immunoregulatory
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cell functions and interactions, in age-related altera-
tions, as most of the diseases observed in senescence
have an immunological pathogenesis associated with
the decline of immune responsiveness to exogenous
antigens and increased tendency to autoimmune reac-
tivity. Experiments with congenic mice have shown
that, although genetically identical except for the short
MHC region, the mice within each set display con-
siderable variation in maximum life span. However,
evidence was provided for a complex interaction
between a particular allele and the overall genetic
background, as a single allele promotes either longer
or shorter life span depending upon the several back-
grounds [5].

3. Ir genes (Biozzi mice)

The role of genes for immune responsiveness in the
aging process has been investigated in mice genetically
selected for high (H) or low (L) antibody response
(Biozzi mice). Starting from a heterogeneous outbred
population, mice have been selected by two-way assor-
tative breeding for maximal or minimal agglutinin re-
sponse to the selection antigen in each consecutive
generation, so that assortative mating of the highest
responder mice generated the H line while that of the
lowest responder mice the L line.

Five selections have been carried out for agglutinin
responses to di�erent antigens. High or low antibody
responsiveness resulted from the interaction of alleles,
located at several independent loci, which accumulate
progressively in H and L mice during the consecutive
generations of selective breeding until homozygosity is
reached at the selection limit when the interline di�er-
ence is maximal. All selections displayed multispeci®c
e�ects as the di�erence in antibody response was not
restricted to the selecting antigen but was common to
several unrelated antigens [6].

Mapping analysis in Selection I showed that some
segregating loci are linked to genes on chromosomes 2,
4, 8, 10, and 18, but also to genes certainly involved in
major immune functions, such as genes on chromo-

some 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-a, TNF-b,
C2 and C4 [7].

Improvement of the e�ect of selection was obtained
by assortative breeding from two foundation popu-
lations, FoH and FoL, each of which was produced by
balanced frequency of the gene pools from the H and
L lines of Selections I, II, III, IV, and V. After 16 gen-
erations of selection for primary or secondary re-
sponses to all antigens used in the original ®ve
selections, the di�erence between H and L lines in anti-
body responsiveness was remarkably ampli®ed and the
multispeci®c e�ect of selection was generalized to sev-
eral antigens. These results, obtained in Selection for
general primary (GP) and Selection for general second-
ary (GS) responses, suggest that more genes with
upward e�ects had accumulated in H mice or, rather,
more genes with downward e�ects had accumulated in
L mice during both selections [8].

Whether selection breeding for antibody responsive-
ness also a�ects life span and tumour incidence was
investigated in Selections I, II, III, and GS (Table 1).
The life span was longer in H than in L mice whereas
the lymphoma incidence was remarkably higher in L
than in H mice. These di�erences between H and L
mice were found in Selections I, II, and GS but not in
Selection III [9]. The positive correlation between anti-
body responsiveness and life span was further analyzed
in interline hybrids of Selection II and found statisti-
cally signi®cant in most of these mouse populations.
Moreover, the life span of the last surviving 20%,
which is scarcely a�ected by early disease-induced
mortality and mainly in¯uenced by genes acting on the
rate of physiologic aging, appeared as a polygenic
character regulated by 3±7 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% [10].

The results from these studies on genetic selection of
over 1000 mice show that genes expressed in the
immune system play a signi®cant role in conditioning
life span and diseases, in most cases. However, it is

Table 1

Antibody response, life span, and lymphoma incidence in H and L responder mice

Selection Line No. of mice Agglutinin titer (log2) Mean life span (days2SD) Lymphomas (%)

I H 23 12.7 7232216 4

L 47 4.9 5622130 30

II H 131 11.4 7122148 14

L 119 5.2 4462110 35

III H 189 12.7 6112153 12

L 130 6.2 6222166 12

GS H 195 12.8 6152134 12

L 187 3.6 3812161 61
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unclear how genetic selection, e.g. against antibody
responsiveness, brings about an increased incidence of
malignant lymphomas that are the predominant cause
of death. The two characters may be controlled by one
set of genes with pleiotropic action or by two sets of
linked genes. It would be interesting to examine
whether the lymphoma incidence could be decreased
and the life span prolonged by improving immune
responsiveness in L mice. The results from such an ex-
periment should indicate whether the negative e�ects
of the selected genes are mediated by low immune
responsiveness or are independent of immune dysfunc-
tions. On the other hand, the hypothesis that age-re-
lated immune dysfunctions have a signi®cant 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 conditions are equipped with well pre-
served and e�cient immune defence mechanisms [11].
However, in this case the immunologic performance
and life span may also be independent traits both
determined by favorable genetic factors.

4. DNA integrity

Organisms can survive only if their DNA is repli-
cated faithfully and is rescued from chemical and
physical damage that would change its coding proper-
ties. Since living cells require the correct function of
thousands of proteins, each of which could be
damaged by a mutation at many di�erent sites of its
gene, DNA sequences must be passed on unchanged if
progeny are to have a good chance of survival. DNA
is a complex organic molecule of ®nite chemical stab-
ility, as not only it su�ers spontaneous damage like
loss of bases but it also is assaulted by natural chemi-
cals and radiations that break its backbone and chemi-
cally alter the bases. Since mutations result when
damage changes the coding properties of bases an
organism could not survive the natural rate of damage
to its DNA without speci®c enzymatic mechanisms to
repair damaged sites. DNA repair is, indeed, so im-

portant that a bacterium may devote a considerable
percent of its genome to specifying and controlling the
enzymes involved.

Over the past two decades, several studies have
addressed the relationships between DNA damage,
repair and aging, and have suggested an age-dependent
accumulation of DNA damage. Using cells from a var-
iety of mammalian species, a positive correlation
between life span and the capacity of repairing DNA
damage has been demonstrated [12]. In particular, per-
ipheral blood mononuclear cells (PBMC) [13] and epi-
dermal cells [14] from elderly humans have shown
decreased DNA repair as compared to adult controls.

4.1. DNA repair

DNA repair was studied by use of hydroxyurea
(HU), an agent that synchronizes cells in S phase. We
found that DNA repair takes place in irradiated
PBMC from young and, to a lesser extent, from adult
subjects. Conversely, no recovery was found in PBMC
from elderly subjects [15] (Table 2).

The role of DNA repair in cellular aging has
recently raised great interest following the identi®-
cation of cellular proteins that play a key role in DNA
damage recognition and repair pathways. The damage
is ®rstly recognized by nuclear proteins displaying heli-
case activity, and DNA repair is then carried out
under the control of other proteins [16].

Eukaryotic cells contain many copies of the helicase
ku 70/80 protein dimer. This protein has been
described to be involved in the control of DNA repli-
cation and transcription and in V(D)J recombination
[17,18]. ku 80-de®cient mice exhibit severe combined
immunode®ciency due to T and B lymphocyte arrest
at early progenitor stages [18]. ku 70/80 protein is able
to bind not only to DNA ends, but also to other
alterations in double-stranded DNA, such as hairpins,
nicks and gaps [19]. ku 70/80 protein has also been
described to bind to other enzymes of the repair cas-
cade, such as DNA ligase III [20]. Furthermore, ku 70/
80 protein is the DNA-binding component of a DNA-
dependent protein kinase (DNA-PK) whose catalytic

Table 2

PHA responsiveness and DNA repaira after in vitro irradiation of synchronized PBMC from subjects of di�erent ages

In vitro treatment of PBMC

Population examined PHA PHA+HU PHA+HU+RX Repair Ratio2SE (95%CL)

Young (20±30 years) 105382438b 1009238 49032240 4.8820.22 (4.27±5.49)

Adult (40±50 years) 93012286 1080227 2872299 2.6220.15 (2.20±3.04)

Elderly (61±89 years) 17042112 273218 304211 1.1920.06 (0.50±1.83)

a Repair is expressed by the ratio: cpm in culture (PHA+HU+RX)/cpm in culture (PHA+HU).
b Mean cpm2SE from 8 subjects.
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subunit (DNA-PKcs) can phosphorylate a wide range
of nuclear factors [21]. The ability of ku 70/80 protein
to recognize and bind to double strand DNA ends
suggests that its binding represents an early step in the
repair process. The substrates of phosphorylation have
only been identi®ed in part and could include com-
ponents of the transcription and replication machinery
and proteins directly involved in the repair process
itself. Moreover, the large DNA-PK complex could
hold DNA ends in a con®guration promoting their
rejoining [22]. DNA-PKcs might also regulate the
assembly of multiprotein complexes or, alternatively, it
might act more indirectly by regulating the expression
of genes that are involved in the repair process or in a
linked process, such as cell cycle regulation. The latter
function of the DNA-PKcs would provide an e�ective
mechanism able to block DNA replication before cells
have repaired their damaged DNA [19].

4.2. DNA-binding of the ku 70/80 protein

PBMC from persons of di�erent ages were incu-
bated with PHA for di�erent times (1, 3, 5, 7 or 18 h)
of culture. At the end of each incubation time, nuclear
extracts were prepared and tested in Electrophoretic
Mobility Shift Assay (EMSA). Under our experimental
conditions, DNA-binding of the ku 70/80 protein is
cumulative, as also evidenced by previous experiments,
since the number and density of the bands are related
to the protein concentration in the nuclear extract.
DNA-binding of the ku 70/80 protein in nuclear
extracts of unirradiated PBMC from subjects of di�er-
ent ages demonstrates that, after 1 h of mitogen stimu-
lation, the DNA-binding ku is expressed in all nuclear
extracts suggesting that aging does not a�ect the ex-
pression of this protein. DNA-binding of the ku 70/80
protein is evident after all times of mitogen activation.
In these experiments, a polyclonal rabbit antibody
speci®c for the ku 80 protein was able to supershift all
bands.

After 1 h stimulation by PHA, DNA-binding of the
ku 70/80 protein is increased by irradiation in PBMC
from young and adult, but not from elderly subjects.
The densitometric analysis (Table 3) of the upper
bands, reported as the ratio between densities after

and before PBMC irradiation, indicates that the radi-
ation-induced DNA-binding of the ku 70/80 protein
declines with aging.

Our data [15] provide the ®rst evidence for radi-
ation-induced activation of the ku 70/80 protein, in
terms of DNA-binding, in PBMC from young-adults
but not from old human subjects. Experiments were
performed with a moderate dose of X-rays, 500 cGy,
to generate a modest concentration of DNA breaks
with high probability of an accurate repair. With
higher radiation doses, the DNA fragmentation
increases but with greater probability that unrelated
ends are re-joined, leading to mismatch repair.

The ku 70/80 protein may be involved in both the
recognition of breaks generated by X-rays and the ac-
tivation of cellular events leading to complete DNA
repair. The latter mechanism is supported by the evi-
dence that radiation-induced breaks are not simply
ligatable and the sequential activation of repair
enzymes is required. It is conceivable that after radi-
ation-induced DNA damage, many copies of ku trans-
locate from the cytoplasm into the nucleus, where they
bind to double strand breaks. The evidence that the
cytoplasmic ku is unable to bind DNA, as indicated
by the results of EMSA (not shown), suggests that ku
must be activated to bind DNA and this process may
result from a phosphorylation/dephosphorylation event
or from an association/dissociation with the other com-
ponents of the DNA-PK complex. Moreover, as radi-
ation-induced breaks block DNA polymerization and
repair [23], we cannot exclude a possible role of ku in
the activation of enzymes involved in their removal [24].

Mitogen-activated PBMC showed increased DNA
repair capacity as compared to unstimulated PBMC
(not shown), suggesting the existence of a relationship
between proliferative activity and repair capacity. It is
not known, however, if the age-related impairment in
the proliferative activity leads to reduced DNA repair
potential or if the reduction of the DNA repair ca-
pacity with aging a�ects the proliferation of PBMC
from elderly subjects.

5. Conclusion

Maintenance of DNA integrity is fundamental for
normal immune functions, as suggested by the lack of
V(D)J recombination in lymphocytes of knock-out
mice de®cient in ku 70 or ku 80 protein [18]. The
reduced DNA repair capacity of human lymphocytes
with aging could play a key role in the deterioration of
immune reactivity and contribute to the development
of age-associated immune dysfunctions which, in turn,
may a�ect the life span. An interesting approach
would be to investigate DNA repair and ku protein ac-
tivity in H and L Biozzi mice displaying di�erent

Table 3

Maximum increase of DNA-binding activity to DNA of ku 70/80

protein after X-ray irradiation of PBMC

Population examined Ratio between irradiated and unirradiated

Young (20±30 years) 5.3420.60a

Adult (40±50 years) 2.0920.16

Elderly (61±89 years) 1.0520.2

a Mean ratio2SE from 8 subjects.
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immune responsiveness and life span. However,
whether the link between genetic factors and life span
is mediated by the performance of the immune system
remains to be demonstrated.
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