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SKIN IMMMUNOSENESCENCE: THE CRITICAL INVOLVEMENT
OF HORMONAL BALANCE AFFECTING SIGNAL TRANSDUCTION
E. Corsini1, E. Buoso2, E. Donetti3, M. Racchi2

Abstract: Objectives of review: This manuscript aims to review the state of the art on skin aging with particular attention on skin
immunosenescence, hormonal changes and signal transduction. Recent findings: Skin immunosenescence accounts, in the elderly,
for increased susceptibility to cutaneous infections and malignancies, and decreased response to vaccination. Many factors have
been proposed to contribute to immunosenescence. We recently described an aging-related decrease in receptor for activated C
kinase (RACK)-1 expression, defective protein kinease Cβ II (PKC) translocation and reduced TNF-α release in rat epidermal cells.
Given the observation that adrenal hormones follow a decrease during aging, our group has also demonstrated that the decreased
level of RACK-1 protein expression during aging and the observed immune deficits in rats could be restored in vivo by treatment
with dehydroepiandrosterone (DHEA). Similar defects were also observed in human skin as demonstrated by reduced expression
of RACK-1 measured by western blot and immunofluorescence. As the DHEA/cortisol imbalance is important during aging, we
found that DHEA and cortisol antagonistically act on RACK-1 transcription and translation, and, indirectly, on the LPS-induced
cytokine production. Conclusion: These observations on the control of a key element in the signal transduction cascade regulating
immune function highlight a link with the hormonal changes in cell environment associated with aging, and the complex process of
ageing of the skin and its immune system.
Key words: Immunosenescence, aging, cytokines, RACK-1, dehydroepiandrosterone, cortisol, signal transduction.

Introduction

infected ulcers are the most commonly encountered
cutaneous infections in the elderly. Secondary skin
infections are often the result of persistent pruritus
associated with increasing dryness of the aging skin.
Staphylococcus aureus and beta-haemolytic streptococci
are the most common causative organisms of cutaneous
infections. By age 70, approximately 70% of persons have
at least one underlying skin problems (4). The possibility
of the aging organism to respond to external damage and
infections is strictly related to the functionality of the
immune system, which declines with age.

Given the increasing proportion of elderly people
worldwide, a better understanding of the causes and
mechanisms of immunosenescence is crucial to identify
whether prevention might be beneficial to enhance
quality of life and to reduce the cost of medical care in
old age. The elderly suffer from more frequent and severe
community acquired and nosocomial infections than
younger people, and they experience poor outcomes from
infections in comparison to youngs. Common infections
seen in the elderly are infections of skin and soft tissue,
urinary tract, respiratory tract, and gastrointestinal tract
(1). The increased susceptibility to skin infections is due
to age-related anatomical, physiological and
environmental factors. The types of organisms that cause
skin and soft tissue infections include bacterial, viral and
fungal pathogens as well as parasites (2, 3). Cellulitis and

Immunosenescence
Immunosenescence is due to reduced, deregulated,
exhausted immune responses with aging. It is a complex
process, not yet fully understood. Both physiological and
external factors contribute to immunosenescence. Among
the several external factors that can impact immune
fucntionality, we can mention life style, malnutrition,
smoking, alcholism, comorbidities, etc.. Normal aging is
associated with a number of impaired immune
responsiveness such as reduction in response to recall
antigen, alterations in T cell functions, which contribute
to increased vulnerability to infectious disease and
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malignancy, and reduced responses to preventive
vaccination in the elderly (5, 6).
The physiological factors contributing to
immunosenescence are numerous and complex. They
include stem-cell defects, thymus involution, aging of
resting immune cells, replicative senescence of clonally
expanding cells, defects in antigen-presenting cells,
dysfunction in several signal transduction pathways and
dysregulation of the cytokine network (6). Our
contribution was the observation that both in rodents and
humans a key factor in the reduced immune response to
external challenge is a defective protein kinase C (PKC)
machinery. More specifically, in the absence of a defect in
total PKC expression the failing element in the signal
transduction cascade is the expression of RACK-1
(Receptor for Activated C Kinase – 1) (7-10). RACK-1 a
36-kDa protein cloned from rat brain, is the bestcharacterized member of the RACK family. The
importance of RACK-1 in PKC signal transduction is
related to its function as a scaffold protein. PKC
activation involves its translocation from the cytosol to
membrane compartments to exert its function (11).
RACK-1 modulates PKC activity by stabilizing its active
conformation (12, 13). PKCs mediate essential cellular
signals required for activation, proliferation,
differentiation and survival of immune cells (14).
Defective PKC activation with aging has been reported in
human monocytes (15, 16), in human T lymphocytes (17,
18), and approximately 50% of elderly subjects have
significant reduction in PKC activity in B cells (19).
Within the immune system, RACK-1 also functions as
an adaptor recruiting the transcription factor STAT1 to
the IFN receptor complex and is a scaffold protein for the
IFN-alpha receptor 2/beta-chain of the receptor, Janus
kinase 1, and tyrosine kinase 2 (20). RACK-1 may also
serve as a scaffold protein in other cytokine systems such
as IL-2, IL-4, and erythropoietin as well as the signalling
pathways of TNF-R55 (21).
Cytokines are essential for proper antigen presentation,
activation of lymphocytes and elimination of invading
microorganisms. Alteration of the cytokine network is
believed to play a role in the remodeling of the immune
system in old age (22). Regarding this aspect, we found
that aging was associated both in human and rodent
leukocytes with a progressive decline in LPS-induced
TNF-α production (7-9). TNF-α is one of the major
cytokine produced during an infection, and a decrease in
the ability of cells to produce this cytokine is likely to
contribute to increased susceptibility to infections. We
could demonstrate in leukocytes, by using a specific PKC
β inhibitor and RACK-1 antisense oligonucleotides, a key
role, although not exclusive, of PKC β signaling pathway
in TNF-α production.
A signifcant evidence of the reduced activity of the
immune system in the elderly is the defective response to
vaccination. Indeed vaccination could protect elderly
people against several infections, and the skin is an

attractive site for vaccination because it is rich in various
antigen-capturing immune cells. Exploration and
restoration of age-dependent dysregulation of skin
immune responses is, however, necessary for effective
vaccination campaigns in the elderly. One of the greatest
practical healthcare challenge in the elderly is infact to
ensure that vaccinations are otpimally effecitve (23, 24).
Intradermal administration of antigens is a strategy to
increase and facilitate their exposure to antigenpresenting cells present in the skin, particularly dendritic
cells. Intradermal vaccination, evaluated for influenza,
rabies, and hepatitis B, should produce high antibody
responses with smaller quantity of antigen. Influenza is a
common infection which causes annual epidemics, and in
the elderly, is associated with increased morbidity and
mortality (25). There is an extensive literature on the
effect of aging on response to influenza vaccination in the
elderly. It has, however, a moderate impact on influenzaspecific immune responses and infection rates in the
elderly: while influenza vaccination has more than 80%
efficacy in healthy adults, this falls to 17-50% in the
elderly (10, 26, 27). Belshe et al found that intradermal
injection of a reduced dose of influenza vaccine elicited a
signifcant and vigorous response in young and adults,
but only weak responses in elderly over the age of 60
years (28). In a study we conducted involving fifty elderly
subjects age 63-85 y and fourteen young subjects age 2641 y, a lower antibody titer to influenza A virus was
observed in aged individuals. The sieroconversion factor
was 1.08±0.10 in the elderly versus 2.25±0.35 in the young
[10]. We also found that the sieroconversion factor was
inversely correlates with IL-10 production (linear
correlation r=-0.484, p<0.0001), directly correlated with
TNF-α production (r=0.3997, p=0.0012) and, to a lesser
extend, with plasma level of DHEA (r=0.363, p=0.0034).
The decreased TNF-α and increased IL-10 production
were both correlated to plasma level of DHEA (r=0.326,
p=0.0076 and r=-0.490, p<0.0001 for TNF-α and IL-10,
respectively). These results suggest that altered cytokine
production in elderly subjects at the moment of
vaccination can be predictive of a low response to
influenza vaccination. Strategies to improve protection
afforded by the use of vaccine should include strategies
directed to restore altered immune responses associated
with aging.
Skin immunosenescence is, therefore, not only relevant
for age-associated increase in skin infections and
malignancies, but it can also account for defective
responses to vaccinations observed in the elderly.

Skin Immunosenescence

18

One of the major tasks of the epidermis is to defend the
organism against exogenous insults. The skin is poised to
react to infections and injury, with rapidly acting
mechanisms that precede the development of specific
immune responses and serve as an immediate defence
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system (29). Skin immunosenescence accounts for
increased susceptibility and severity in the elderly to
cutaneous infections and malignancies, decreased contact
hypersensitivity and response to vaccination. Defective
cell-mediated immunity, altered number and function of
Langerhans cells associated with aging (30, 31)
significantly contribute together with cumulative
exposure to UV radiation and aging anatomy and
physiology to the clinical expression of malignancy (32),
increased rate of infections, reduced rate of sensitization
and response to vaccination (33, 2).
Although an age-associated decrease in cutaneous
immune cell number and function has been reported (33,
34), relatively little is know about the molecular
mechanism(s) underlying such defects. We have recently
determined that an age-related decline in skin RACK-1
expression was present and it correlated with defective
TNF-α production by rat epidermal cells. It is important
to mention that TNF-α, together with IL-1, is a key player
in the initiation of Langerhans cells (LC) migration (35),
and it has been demonstrated that migration of LC is
PKC-β dependent (36, 37). If the availability of either
TNF-α and IL-1-β, is compromised then LC migration
and dendritic cells accumulation in draining lymph
nodes and the development of an appropriate immune
response is inhibited largely or completely (38). Reduced
dendritic cells number and impaired functionality in the
elderly represent a hurdle to be overcome in developing
successful vaccination strategies.

the contrary the counts of T cells in healthy skin from
young and old adults are not different (40).

Figure 1. Skin histology, PKC β II and RACK-1
immunofluorescence, and PKC β II and RACK-1 Western blot
analysis. (A, B) Haematoxilin and eosin (H&E)-stained skin
sections obtained from young (< 50y) and old (> 60 y) females.
(C, D) PKC β II immunohistochemistry. (E, F) RACK-1
immunohistochemistry. Photomicrographs are representative of
all subjects examined. (G) Western blot analysis of RACK-1
expression and relative densitometric analysis in whole skin
homogenate obtained from young and old females. β-actin was
used to control for protein loading. Each value represents the
mean SD, n=3, Student’s t test, with * p< 0.05 vs young. (H)
Western blot analysis of total and membrane PKC β II isoform
immunoreactivity in whole skin homogenate obtained from
young and old females. β-actin was used to control for protein
loading. See ref 62 for technical details

Skin aging: experimental evidence of reduced
RACK-1 expression in human skin with aging
Skin morphological analysis. Aging is associated with
increased skin dryness, loss of elasticity and firmness,
atrophic changes, smoothness and the appearance of
wrinkles. Clinical manifestations of aged skin include
xeroses and the occurrence of begnin neoplasms.
Consistent with literature data, histological examination
of H&E stained abdominal skin sections (Fig. 1A and B)
obtained from healthy young (22 y) and postmenopausal
woman (60 y) undergoing plastic surgery did not
revealed evident morphological alterations in the
epidermis of aged skin. Aged and young skins displayed
similar keratinocyte stratification. The most obvious
changes are at the epidermal-dermal junction, with
flattering of the surface contact of the epidermis and
dermis resulting from the retraction of the epidermal
papillae in aged skin. Collagen and elastic fibers showed
marked alterations with age, both fibrous components
appear more compact because of a decrease in spaces
between the fibers. Collagen bundles appear to unravel,
and the individual elastic fibers show signs of elastosis.
As described in the literature, other important
morphological changes with aging are decrease in
number of melanocytes and Langerhans cells (39). On

Decrease of RACK1 expression with age. To confirm
data obtained in experimental animals, a study was
designed to determine if an age-related decline in RACK1 expression was also present in the human skin. As
shown in Fig. 1, a decrease in RACK-1 expression was
observed both in whole skin homogenate obtained from
post menopausal women (> 60 y) in comparison to young
whole skin homogenate (< 50 y), as assessed by Western
blot analysis and relative densitometric analysis (Fig. 1G),
and by immunolocalization of RACK-1 in skin section
(Fig. 1C and 1D). Consistent with Western blot analysis,
immunolocalization of RACK-1 showed a reduced
staining both in the epidermis and dermis of skin
obtained from postmenopausal woman if compared to
19
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the skin obtained from young female (Fig. 1B). RACK-1
resulted highly expressed in the epidermis and in skin
annexes, while fibroblasts showed a less intense staining,
all appeared to be reduced in aged skin.
Consistent with previous results, a similar PKC β
immunolocalization in the skin obtained from young and
old humans (Fig. 1E and 1F), and PKC β total expression
in skin homogenates were observed (Fig.1H). Total
expression of PKC β, however, doesn’t provide indication
of the active state of PKC. PKC activation indeed evokes
its translocation from the cytosol to membrane
compartments for exerting its function, process mediated
by RACKs proteins. As reported in Fig. 1H, despite a
similar total expression, a reduced expression of PKC β in
the membrane compartments was observed in skin
homogenate obtained from post menopausal women
(p<0.05), which underlying a defective translocation.
Importantly, the decreased translocation of the PKC β
isoform is consistent with the reduced RACK-1
expression observed, as RACK-1 preferentially interacts
with PKC β.

adult male patients with atopic dermatitis had been
reported to be significantly lower than those of agematched healthy male controls (51). Furthermore,
preincubation of peripheral blood mononuclear cells with
DHEA reduced the IL-4 production induced by
concanavalin A (52). The ability to regulate immune
function has raised interest in the therapeutic potential of
DHEA as a treatment for the immunological
abnormalities that arise in subjects with low circulating
levels of this hormone, including attempts at reversing
the impaired immune response of older individuals to
vaccination and restoring immune regulation in patients
with chronic autoimmune disease (53).
The impaired DHEA secretion together with the
increase of cortisol results in an enhanced exposure of
lymphoid cells to deleterious glucocorticoid actions (54).
A role of cortisol/DHEA in regulation of RACK-1
expression is presented. The effect of cortisol on RACK-1
expression might contribute to our understanding of the
immunosuppresive effects of glucocorticoids. Therefore,
an unnecessary or excessive use of glucocorticoids in the
elderly may contribute to impaired immune cell
activation also through impaired PKC signaling.
We studied the promoter region of the human gene
encoding for RACK-1, which is known as GNB2L1, and
identified in this region a putative glucocorticoid
responsive element (GRE) (55) (see Fig. 2). Experimental
evidence suggest that DHEA can upregulate the
expression of RACK-1 at transcriptional level (8, 9) while
no direct effect can be demonstrated on the promoter of
its gene (55). There is, however, evidence that cortisol
significantly reduce GNB2L1 promoter activity and
reduces RACK-1 mRNA and protein levels (Fig 2).
Overall, these data suggest that cortisol at physiological
concentrations can inhibit the expression of RACK-1
protein via inhibition of the activity of its gene promoter.
Other experiments (56) demonstrate that preincubation of
THP-1 cells with DHEA counteract the effect of cortisol.
The data are consistent with an effect that does not
involve direct pharmacological antagonism of DHEA vs
cortisol, rather a mechanism requiring long term
adaptation of glucocorticoid receptor activity involving
slow nuclear translocation with loss of transcriptional
activity. DHEA therefore reduces the effect of cortisol on
GNB2L1 and consequently on RACK-1 mRNA and
protein. Furthermore the levels of TNF-α released in
response to LPS challenge can be used as a measure of
PKC/RACK-1 dependent activation of immune
functions. While cortisol induces a reduction of response
in term of TNF-α release, pretreatment with DHEA was
able to prevent cortisol inhibitory effect, restoring TNF-α
release to control values. It is conceivable then that
changes in the balance of these two hormones during
aging (10) reflects itself on the expression and regulation
of RACK-1 and its correlated immune functions.

Hormonal balance and signal transduction
Skin aging is affected by growth factor modifications
and hormone activity that declines with age (41). The
best-known decline is that of sex steroids such estrogen,
testosterone, DHEA and its sulfate. DHEA and its sulfate
ester DHEA-S are both the secretory products of adrenal
glands and the most abundant hormones in the systemic
circulation of humans, converted then into androgens
and estrogens in the periphery. Several cell types present
in the skin are known to be androgen sensitive and
express steroidogenic enzymes required to transform
DHEA into dihydrotestosterone and 17-estradiol (42).
Skin, being a steroidogenic tissue itself, can be affected to
a large extent by sex steroids, particularly androgens (43).
It has been demonstrated that they can modulate skin
thickness, barrier homeostasis, wound healing, sebaceous
gland growth and differentiation, hair growth, etc. and it
has been proposed DHEA supplementation, both orally
and topically, as an effective way to reverse the ageassociated deterioration of skin (44-47).
Many studies have now shown that DHEA has
significant immune modulatory function, exhibiting both
immune stimulatory and anti-glucocorticoid effects
(reviewed in 48). The impaired DHEA secretion with
aging together with the increase of cortisol results in an
enhanced exposure of lymphoid cells to deleterious
glucocorticoid actions. DHEA may affect production of
Th1 and Th2- associated cytokines, which may be
relevant in immunosenesence. Studies in experimental
animals and humans have shown that DHEA increases
the production of Th1-associated lymphokines, namely
interleukin-2 (IL-2) and interferon-gamma by
lymphocytes (49, 50). Serum DHEA concentrations in
20
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neutrophil superoxide generation in response to
pathogens (57). This evidence further supports the
important of PKC signaling in aging.
Table 1
Effect of DHEA on RACK-1 expression in different cell
models
DHEA (nM) THP-1

NCTC

Human
fibroblasts

3 m old rat
epidermal
cells

18 m old rat
epidermal
cells

1
10
100
1000

9127
8814
13014*
13916**

9315
9517
1292*
1275*

n.d.
n.d.
13926
n.d.

n.d.
n.d.
12815
n.d.

12322
1685**
19131**
1535*

Cells were treated with DHEA for 24 h. RACK-1 immunoreactivity was evaluated
by Western blot analysis. Results are expressed as RACK-1/β-actin (% of control).
Each value represents the mean+SD, n= 4 independent experiments or animals in
the case of rat epidermal cells. *p<0.05, **p<0.01 vs control. The level of expression
of RACK-1/β-actin in control cells is 0.580.10 in NCTC cells, 0.300.06 in THP-1
cells, 0.480.05 in human fibroblasts, 0.600.19 in 3 m old rats, and 0.390.14 in 18 m
old rats. n.d. = not done. See ref 62 for technical details.

Figure 2. DHEA contrasts the effects of cortisol on RACK-1
expression and LPS-induced TNF-α release in THP-1 cells. A
glucocorticoid responsive element (GRE) on the promoter of
human RACK-1 (1) responds to cortisol by inhibiting RACK-1
transcription and expression (2). DHEA administration restores
RACK-1 level and immune functions, indicating that this
hormone behaves as a positive RACK-1 regulator (3, 4). DHEA,
endowed of antiglucocorticoid properties, can inhibit the
negative regulation of RACK-1 expression induced by cortisol
via an indirect action probably by interfering with
glucocorticoid receptor interaction with GRE sequence,
restoring RACK-1 to control level (3) and preventing the
inhibitory effect of cortisol on LPS-induced TNF-α release (4).
Each value represents the meanSD, n=3, Dunnett multiple
comparison post test with *p<0.05, ** p<0.01 vs LPS treated cells
and §§p<0.01 vs cortisol treated cells. See ref 55 for technical
details

Conclusions
A speculation, based on analogies with leukocytes, can
be made that hormonal changes in the cell environment
associated with aging (i.e., the age–related decline in the
levels of dehydroepiandrosterone) are likely to contribute
to the loss of RACK-1 expression (8, 9). The reduction
with aging in RACK-1 expression was observed in all
leukocyte subpopulations (7-9), brain (58-60), and, as
reported here, in skin cells, indicating that it may reflect a
defect common to many cells types. Certainly, the defect
cannot be ascribed to changes in the epidermal structure
and differentiation as shown by histological analysis.
Further studies are necessary to understand the role and
meaning of the changes in RACK-1 expression with aging
in dermis and skin annex.
Overall, this paper contributes to the understanding of
the complex process of aging of the skin and its immune
system and identifies a decline in RACK-1 expression
with aging. Age-related alteration in PKC signaling and
TNF-α release provide a new understanding of the
consequences of aging on skin immunology. The
identification of changes in the skin immune system will
allow the elaboration of better strategies for the
prevention of infective diseases and response to
vaccination in the elderly (61). Even in the presence of
intrinsic defects in cells involved in the immune response,
it is possible that these may be overcome by measures
that are relatively easy in principle (i.e. to test whether
hormonal treatment can restore immune functions
declined with aging), yet these principles need to be
clearly tested in appropriate clinical protocols and
settings.

The relevance of DHEA in the control of RACK-1
expression is also confirmed by its ability to induce
RACK-1 expression in human and animal skin cells as
shown in Table 1. As previously demonstrated both in
human and rodent immune cells (7-9), in both primary
human fibroblasts as well as in the human keratinocyte
cell line NCTC 2544, the treatment with DHEA induced a
dose-related increase in RACK-1 expression as assessed
by Western blot analysis. The effect of DHEA in the
human promyelocytic cell line THP-1 is shown to confirm
its immunostimolatory effect. Importantly, similar results
were also obtained treating primary rat epidermal cells
obtained from young (3 m) and old animals (> 18 m) with
DHEA 100 nM, confirming the ability of epidermal cell
types, including cells obtained from old animals, to
responde to DHEA increasing RACK-1 expression. This
may support from a mechanistic point of view some of
beneficial effects of DHEA supplementation in aged skin.
Interestingly, it has been recently demonstrated that
PKC-β acts as an intracellular receptor for DHEA-S in
human neutrophils, which has important implications for
immunosenescence, as it is associated with reduced

Acknowledgement: Experimental work was supported by a grant from L’OREAL
RESEARCH entitled ‘Skin immunosenescence: contribution of RACK-1’ and
21

08 CORSINI/C/p_04 LORD_c 27/04/12 16:36 Page22

THE CRITICAL INVOLVEMENT OF HORMONAL BALANCE AFFECTING SIGNAL TRANSDUCTION

supervised by Dr Françoise Rousset.

33.

References

34.

1.
2.
3.
4.
5.
6.
7.

8.

9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.

35.

Htwe TH, Mushtaq A, Robinson SB, Rosher RB, Khardori N (2007). Infection in
the elderly. Infect Dis Clin North Am. 21(3):711-43.
Laube S. (2004) Skin infections and ageing. Ageing Res Rev. 3(1):69-89.
Anderson DJ, Kaye KS (2007) Skin and soft tissue infections in older adults. Clin
Geriatr Med. 23(3):595-613, vii.
Laube S, Farrell AM (2002) Bacterial skin infections in the elderly: diagnosis and
treatment. Drugs Aging. 19(5):331-42.
Weiskopf D, Weinberger B, Grubeck-Loebenstein B (2009) The aging of the
immune system. Transpl Int. 22(11):1041-50.
Pawelec G, Larbi A, Derhovanessian E (2010) Senescence of the human immune
system. J Comp Pathol. 142 Suppl 1:S39-44.
Corsini E, Battaini F, Lucchi L, Marinovich M, Racchi M, Govoni S, Galli CL (1999)
A defective protein kinase C anchoring system underlying age-associated
impairment in TNF-alpha production in rat macrophages. J Immunol.
163(6):3468-73.
Corsini E, Lucchi L, Meroni M, Racchi M, Solerte B, Fioravanti M, Viviani B,
Marinovich M, Govoni S, Galli CL (2002) In vivo dehydroepiandrosterone
restores age-associated defects in the protein kinase C signal transduction
pathway and related functional responses. J Immunol. 168(4):1753-8.
Corsini E, Racchi M, Sinforiani E, Lucchi L, Viviani B, Rovati GE, Govoni S, Galli
CL, Marinovich M (2005) Age-related decline in RACK-1 expression in human
leukocytes is correlated to plasma levels of dehydroepiandrosterone. J Leukoc
Biol. 77(2):247-56.
Corsini E, Vismara L, Lucchi L, Viviani B, Govoni S, Galli CL, Marinovich M,
Racchi M (2006) High interleukin-10 production is associated with low antibody
response to influenza vaccination in the elderly. J Leukoc Biol. 80(2):376-82.
Rosse C, Linch M, Kermorgant S, Cameron AJ, Boeckeler K, Parker PJ (2010) PKC
and the control of localized signal dynamics. Nat Rev Mol Cell Biol. 11(2):103-12.
Ron D, Mochly-Rosen D (1994) Agonists and antagonists of protein kinase C
function, derived from its binding proteins. J Biol Chem 269:21395-21398.
Ron D, Luo J, Mochly-Rosen D (1995) C2 region-derived peptides inhibit
translocation and function of beta protein kinase C in vivo. J Biol Chem 270:2418024187.
Sun Z, Arendt CW, Ellmeier W, et al (2000) PKC-θ is required for TCR-induced
NF-κB activation in mature but not immature T lymphocytes. Nature 404:402-407.
McLachlan JA, Serkin CD, Morrey KM, et al. (1995) Immunological functions of
aged monocytes. Pathobiol 63:148-159.
Delpedro AD, Barjavel MJ, Mamdouh Z, et al. (1998) Signal transduction in LPSactivated aged and young monocytes. J Interferon Cytokine Res 18:429-437.
Fülöp T, Leblanc C, Lacombe G, et al. (1995) Cellular distribution of protein kinase
C isozymes in CD3-mediated stimulation of human T lymphocytes with aging.
FEBS Lett; 375:69-74.
Miller RA. (2000) Effect of aging on T lymphocyte activation. Vaccine 18:1654-1660.
Whisler RL, Grants IS. (1993) Age-related alterations in the activation and
expression of phosphotyrosine and protein kinase C among human B cells. Mech
Ageing Dev 71:31-46.
Usacheva A, Tian X, Sandoval R, Salvi D, Levy D, Colamonici OR (2003 ) The WD
motif-containing protein RACK-1 functions as a scaffold protein within the type I
IFN receptor-signaling complex. J Immunol. 171(6):2989-94.
Tcherkasowa AE, Adam-Klages S, Kruse ML, Wiegmann K, Mathieu S, Kolanus
W, Krönke M, Adam D (2002) Interaction with factor associated with neutral
sphingomyelinase activation, a WD motif-containing protein, identifies receptor
for activated C-kinase 1 as a novel component of the signaling pathways of the
p55 TNF receptor. J Immunol. 169(9):5161-70.
Doria G, Frasca D (1997) Genes, immunity, and senescence: looking for a link.
Immunol Rev 160:159-170.
Aspinall R, Del Giudice G, Effros RB, Grubeck-Loebenstein B, Sambhara S (2007)
Challenges for vaccination in the elderly. Immun Ageing. 11;4:9.
Grubeck-Loebenstein B, Della Bella S, Iorio AM, Michel JP, Pawelec G, Solana R
(2009) Immunosenescence and vaccine failure in the elderly. Aging Clin Exp Res.
21(3):201-9.
Gavazzi G, Krause KH (2002) Ageing and infection. Lancet Infect Dis. 2(11):659-66.
Jefferson T, Rivetti D, Rivetti A, Rudin M, Di Pietrantonj C, Demicheli V. (2005)
Efficacy and effectiveness of influenza vaccines in elderly people: a systematic
review. Lancet. 366(9492):1165-74.
Goodwin K, Viboud C, Simonsen L. (2006) Antibody response to influenza
vaccination in the elderly: a quantitative review. Vaccine. 20;24(8):1159-69.
Belshe RB, Newman FK, Cannon J, Duane C, Treanor J, Van Hoecke C, Howe BJ,
Dubin G. (2004) Serum antibody responses after intradermal vaccination against
influenza. N Engl J Med. 351(22):2286-94
Bennett MF, Robinson MK, Baron ED, Cooper KD. (2008) Skin immune systems
and inflammation: protector of the skin or promoter of aging? J Investig Dermatol
Symp Proc. 13(1):15-9.
Bhushan M Cumberbatch M, Dearman RJ, et al. (2002) Tumour necrosis factor-αinduced migration of human Langerhans cells: the influence of ageing. Br J
Dermatol 146:32-40.
Swift ME, Burns AL, Gray KL, et al. (2001) Age-related alterations in the
inflammatory response to dermal injury. J Invest Dermatol 117:1027-35.
Syrigos KN, Tzannou I, Katirtzoglou N, et al. (2005) Skin cancer in the elderly. In
vivo; 19:643-652.

36.
37.

38.
39.
40.

41.
42.
43.
44.
45.
46.

47.

48.
49.
50.
51.
62.
53.
54.
55.
56.

57.

58.
59.

60.
61.
62.

22

Sunderkötter C, Kalden H, Luger TA (1997) Aging and the skin immune system.
Arch Dermatol. 133(10):1256-62.
Thivolet J, Nicolas JF (1990). Skin ageing and immune competence. Br J Dermatol;
122:77-81.
Cumberbatch M, Dearman RJ, Griffiths CEM, et al. (2000) Langerhans cells
migration. Clin Exp Dermatol; 25:413-418.
Holliday GM, Lucas AD (1993) Protein kinase C transduces the signal for
Langerhans' cell migration from the epidermis. Immunology; 79:621-6.
Goodell AL, Oh HS, Meyer SA (1996) Epidermal protein kinase C-beta 2 is highly
sensitive to downregulation and is exclusively expressed in Langerhans cells:
downregulation is associated with attenuated contact hypersensitivity. J Invest
Dermatol; 107:354-9.
Cumberbatch M, Dearman RJ, Kimber I (1997) Langerhans cells require signals
from both tumour necrosis factor-α and interleukin-1β for migration.
Immunology; 92:388-395.
Kurban RS, Bhawan J (1990) Histologic changes in skin associated with aging. J
Dermatol Surg Oncol. 16(10):908-14.
Neuber K, Schmidt S, Mensch A (2003) Telomere length measurement and
determination of immunosenescence-related markers (CD28, CD45RO, CD45RA,
interferon-gamma and interleukin-4) in skin-homing T cells expressing the
cutaneous lymphocyte antigen: indication of a non-ageing T-cell subset.
Immunology. 109(1):24-31.
Puizina-Ivić N. (2008) Skin aging. Acta Dermatovenerol Alp Panonica Adriat.
17(2):47-54.
Labrie F, Luu-The V, Labrie C, Pelletier G, El-Alfy M (2000) Intracrinology and the
skin. Horm Res. 54(5-6):218-29.
Makrantonaki E, Zouboulis CC (2009) Androgens and ageing of the skin. Curr
Opin Endocrinol Diabetes Obes. Jun;16(3):240-5.
Baulieu EE et al. (2000) Dehydroepiandrosterone (DHEA), DHEA sulfate, and
aging: contribution of the DHEAge Study to a sociobiomedical issue. Proc Natl
Acad Sci U S A. 97(8):4279-84.
Nouveau S, Bastien P, Baldo F, de Lacharriere O (2008) Effects of topical DHEA
on aging skin: a pilot study. Maturitas. 59(2):174-81
Calvo E, Luu-The V, Morissette J, Martel C, Labrie C, Bernard B, Bernerd F,
Deloche C, Chaussade V, Leclaire J, Labrie F (2008) Pangenomic changes induced
by DHEA in the skin of postmenopausal women. J Steroid Biochem Mol Biol.
112(4-5):186-93.
El-Alfy M, Deloche C, Azzi L, Bernard BA, Bernerd F, Coutet J, Chaussade V,
Martel C, Leclaire J, Labrie F (2010). Skin responses to topical
dehydroepiandrosterone: implications in antiageing treatment? Br J Dermatol.
163(5):968-76
Hazeldine J, Arlt W, Lord JM (2010) Dehydroepiandrosterone as a regulator of
immune cell function. J Steroid Biochem Mol Biol. 120(2-3):127-36.
Rook GA, Hernandez-Pando R, Lightman SL (1994) Hormones, peripherally
activated prohormones and regulation of the Th1/Th2 balance. Immunol Today.
15(7):301-3.
Brazão V, Santello FH, Caetano LC, Del Vecchio Filipin M, Toldo MP, do Prado
JC Jr (2010) Immunomodulatory effects of zinc and DHEA on the Th-1 immune
response in rats infected with Trypanosoma cruzi. Immunobiology. 215(5):427-34.
Kasperska-Zajac A, Brzoza Z, Rogala B. (2008) Dehydroepiandrosterone and
dehydroepiandrosterone sulphate in atopic allergy and chronic urticaria.
Inflammation. 31(3):141-5.
Tabata N, Tagami H, Terui T (1997). Dehydroepiandrosterone may be one of the
regulators of cytokine production in atopic dermatitis. Arch Dermatol Res.
289(7):410-4.
Fülöp T, Larbi A, Hirokawa K, Mocchegiani E, Lesourds B, Castle S, Wikby A,
Franceschi C, Pawelec G (2007). Immunosupportive therapies in aging. Clin
Interv Aging.;2(1):33-54.
Bauer ME, Jeckel CM, Luz C (2009). The role of stress factors during aging of the
immune system. Ann N Y Acad Sci. 1153:139-52.
Del Vecchio I, Zuccotti A, Pisano F, Canneva F, Lenzken SC, Rousset F, Corsini E,
Govoni S, Racchi M (2009) Functional mapping of the promoter region of the
GNB2L1 human gene coding for RACK1 scaffold protein. Gene. 430(1-2):17-29.
Buoso E, Lanni C, Molteni E, Rousset F, Corsini E, Racchi M. Opposing effects of
cortisol and dehydroepiandrosterone on the expression of the receptor for
Activated C Kinase 1: Implications in immunosenescence. Exp Gerontol. 2011 Jul
27. [Epub ahead of print])
Radford DJ, Wang K, McNelis JC, Taylor AE, Hechenberger G, Hofmann J,
Chahal H, Arlt W, Lord JM (2010). Dehdyroepiandrosterone sulfate directly
activates protein kinase C-beta to increase human neutrophil superoxide
generation. Mol Endocrinol. 24(4):813-21.
Battaini F, Pascale A, Paoletti R, et al (1997). The role of anchoring protein RACK1
in PCK activation in the ageing rat brain. Trends Neurosci; 20: 410-415.
Racchi M, Govoni S, Solerte SB, Galli CL, Corsini E (2001).
Dehydroepiandrosterone and the relationship with aging and memory: a possible
link with protein kinase C functional machinery. Brain Res Brain Res Rev. 37(13):287-93.
Racchi M, Balduzzi C, Corsini E (2003) Dehydroepiandrosterone (DHEA) and the
aging brain: flipping a coin in the "fountain of youth". CNS Drug Rev. 9(1):21-40.
Beverley PCL, Grubeck-Loebenstein B (2000) Is immune senescence reversible?
Vaccine; 18:1721-1724.
Corsini E, Racchi M, Lucchi L, Donetti E, Bedoni M, Viviani B, Galli CL,
Marinovich M (2009) Skin immunosenescence: decreased receptor for activated C
kinase-1 expression correlates with defective tumour necrosis factor-alpha
production in epidermal cells. Br J Dermatol. 160(1):16-25.

