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Abstract The relation between immune system, estrogen
deficiency and postmenopausal bone loss is an intriguing
and yet unexplained challenge of the past two decades.
Here we summarize the evidences that link estrogen defi-
ciency, T and B cells proliferation and activation, cytokines
production, and bone loss with particular regard to humans.
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Introduction

It is well known that diseases characterized by inflammation
and activation of immune system are associated with sys-
temic and local bone loss [1, 2]. Similarly, estrogens are
well-known regulators of the immune system and T cells
functions [3, 4]. Despite these observations, it is only in the
last few years that investigators have paid attention to the
interaction between immune system and postmenopausal
bone loss and it is only in the recent years that T lympho-
cytes have been recognized as key regulators of osteoclast
(OC) and osteoblast (OB) formation and activity [5, 6].
The role of T cells in bone metabolism is still contro-
versial; the majority of the data have been obtained in mice
while little information is available regarding the role of T
cells in human bone loss. Human studies show a key role of
T cell produced TNF in rheumatoid arthritis [7], multiple
myeloma [8, 9], and bone metastasis [10, 11]; our group
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recently suggested a key role of T cells also in postmen-
opausal bone loss [12]. Other reports show that estrogen
deficiency increases the production of TNF and RANKL by
bone marrow cells, including T cells, and that their increase
correlates with indices of bone resorption [13-15].

The majority of the data have been obtained in animal
models and in vitro cultures, while data on humans are few,
this review aims to summarize the evidences that link
estrogen deprivation, immune function, and bone loss with
particular attention to humans.

Estrogen Loss and OC Formation

Estrogen loss increases bone resorption acting mainly
through cytokine-driven increases in OC formation; OC
formation occurs when monocytes are co-stimulated by the
essential osteoclastogenic factors receptor activator of
NFkB ligand (RANKL) and macrophage colony stimulat-
ing factor (M-CSF) [16-18]. These cytokines are produced
by bone marrow stromal cells [15], OBs [19], and activated
T cells [12, 20].

RANKL is a member of the TNF super family that is
present as both a transmembrane molecule and a secreted
form; it binds to its physiologic receptor RANK, which is
expressed on the surface of OC lineage cells. Its action is
opposed by osteoprotegerin (OPG), a neutralizing soluble
decoy receptor, produced by marrow stromal cells and OB
[16]. The unbalance between RANKL and OPG has been
indicated as the pivotal mechanism responsible for estro-
gen deficiency bone loss [14, 18].

M-CSF induces the proliferation of OC precursors, the
differentiation and the fusion of more mature OCs, and
increases the survival of mature OCs. RANKL promotes
the differentiation of OC precursors into fully mature
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multinucleated OCs and stimulates the capacity of mature
OCs to resorb bone.

Additional inflammatory cytokines are responsible for
the upregulation of OC formation observed during estrogen
deficiency; some of these molecules have a well-estab-
lished role in osteoclastogenesis and bone loss, while oth-
ers have not. Among these molecules, the most involved in
estrogen deficiency bone loss appears to be TNF«, IL-1,
IL-7, and IFNy.

TNFa

TNFo is a factor which enhances OC formation by
up-regulating stromal cells production of RANKL and
M-CSF, and by augmenting the responsiveness of OCs
precursors to RANKL [10, 21]. Furthermore, TNF directly
induces marrow precursor’s differentiation into OCs in the
absence of RANKL, although according to some studies it
is not osteoclastogenetic in cells not previously primed by
RANKL [22]. TNF increases after menopause both in mice
[23] and in humans [12, 24], and it is produced mainly by
activated T cells. A recent paper suggests that in vivo
blockade of TNF in postmenopausal osteoporosis reduce
bone resorption [25], as in rheumatoid arthritis [26], this
suggests that TNFo increase could be one of the mecha-
nism responsible for postmenopausal bone loss.

IL-1

It has been demonstrated that IL-1 plays an important role
in bone loss induced by estrogen deficiency, particularly it
has been demonstrated that IL-1 levels increase after
menopause, that this increase is reversed by estrogen
replacement in women [24, 27] and that bone loss does not
occur after ovariectomy in mice deficient in receptors for
IL-1 [28]. Moreover, treatment with IL-1 receptor antag-
onist decreases OC formation and bone resorption in
ovariectomized mice [29, 30]. A recent study demonstrate
that the blockade of both TNF and IL-1 reduce bone
resorption in postmenopausal osteoporosis [25].

IL-1 acts by increasing RANKL expression by bone
marrow stromal cells and directly targets OC precursors
and promotes OC differentiation in the presence of per-
missive levels of RANKL. The effect of TNF on osteo-
clastogenesis is upregulated by IL-1 [31].

IL-7

Recently a central role in bone remodeling has also been
postulated for IL-7 [10, 32—-34], which is a cytokine known
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for its ability to stimulate T and B cell number and reaction
to antigenic stimuli in humans [35]. We and others dem-
onstrated that IL-7 is also produced by T cells in post-
menopausal women [36] and in cancer patients [10].

Some studies have demonstrated that IL-7 promotes
osteoclastogenesis by upregulating T cell-derived osteo-
clastogenic cytokines; including RANKL [32, 36, 37] and
that the production of IL-7 is upregulated by estrogen
deficiency [32, 33, 38]. A recent study in mice suggest that
IL-7 increases OC formation by increasing OC precursor
generation, presumably through an action on the cells
attached to bone rather than on cells contained in the bone
marrow [38]. On the contrary, recent studies on IL-7
receptor-deficient mice suggest that IL-7 has an anti-
osteoclastogenic effect in vivo, in particular the authors
suggest that IL-7 deficiency in mice caused increased OC
number in bone and decreased bone mass and that OVX-
induced bone loss in these mice occurred in trabecular, but
not cortical bone [39, 40].

As regards humans, the results are less controversial, in
particular it has been suggested that IL-7 is osteoclasto-
genic in psoriatic arthritis [41] and in patients affected by
solid tumors [10, 42, 43], also in healthy volunteer the
expression of IL-7 receptor on T lymphocytes correlates
with their ability to induce osteoclastogenesis from human
monocytes [44].

IFNy

The effect of IFNy on OC formation and activity is contro-
versial. IFNy behave like an anti-osteoclastegenic cytokine
in vitro [45], in vivo in nude mice [46], and in a knockout
model in which the onset of collagen-induced arthritis is
more rapid as compared with wild-type controls [47].

These data are not confirmed by studies in humans and
in experimental models of diseases that indicate an
increased level of IFNy during estrogen deficiency and
endotoxin-induced bone disease [48, 49].

In humans, IFNy is positively correlated with bone
erosions in leprosy and rheumatoid arthritis [50, 51].
Moreover data from randomized controlled trials have
shown that IFNy does not prevent bone loss in patients with
rheumatoid arthritis [52, 53], nor the bone wasting effect of
cyclosporin A [54].

In humans, it has been suggested to employ IFNy in the
treatment of osteopetrosis. In this condition, IFNy is able to
restore bone resorption [55].

Taken together, the data in humans suggest that, in some
conditions, including estrogen deficiency, IFNy stimulates
bone resorption. These discrepancies could be explained by
the fact that IFNy influences OC formation both via direct
and indirect effects [48]: it directly blocks OC formation
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targeting maturing OC [56] and induce antigen presenta-
tion and thus of T-cell activation in vivo. Therefore, when
IFNYy levels are increased in vivo, activated T cells secrete
pro-osteoclastogenic factors and this activity offsets the
anti-osteoclastogenic effect of IFNy.

Estrogen Loss and Immune System

Plenty of data suggest that sex hormones have an important
role in the regulation of immune function. Estrogen
receptors have been demonstrated on human blood mono-
nuclear cells, splenocytes, thymocytes, and peripheral T
cells more than 20 years ago [57, 58]. The addition of
estradiol to in vitro cultures of human lymphocytes can
enhance immunoglobulin secretion [59], and in vivo 17f-
estradiol treatment causes an augmentation of antibody
production against double-stranded DNA in mice [60].

Estrogen loss is effective in expanding the pool of B
lineage cells and particularly of B220 4 IgM- cells in mice
[34, 61], these cells has been regarded as OC precursors at
least in animal models. Estrogen deficiency is supposed to
increase the number of B cells trough the increased levels
of IL-7.

How B-lineage cells may lead to bone destruction is not
presently understood, but may involve over expression of
RANKL in activated B cells [62]. Furthermore, early
B220 + IgM- precursor cells have been found to be
capable of differentiating into OCs in response to M-CSF
and/or RANKL in vitro [63, 64] and may thus contribute to
increase the pool of OC precursors.

Clinically, both cellular and humoral immune responses
have been found to be higher in hormone replacement
therapy users than non-users [65], we recently demon-
strated that T cells from postmenopausal women are less
prone to immune stimulation as respect to pre-menopausal
healthy women [12]. Similarly, there are reports suggesting
that hormone replacement therapy might influence the
development and course of autoimmune disorders and
neoplastic diseases [66].

Estrogen withdrawal upregulates T-cell TNF production
by a complex pathway which involves the thymus and the
bone marrow: in the bone marrow, ovx promotes T-cell
activation by increasing antigen presentation by macro-
phages and dendritic cells [49, 52].

It is well known that the thymus undergoes age-related
atrophy coincident with enhanced circulation of sex ste-
roids from puberty onwards. The impact of this atrophy is
most profound in clinical conditions that cause a severe
loss in peripheral T cells capable of regenerating sufficient
numbers of naive CD4+ T cells that is indirectly correlated
with age. Recent animal [67] and human studies [68]
demonstrated that castration results in complete and

enhanced regeneration of the aged mouse and human thy-
mus and restoration of peripheral T-cell phenotype and
function. These findings have underscored the role of
sexual hormones in the regulation of T cells activation and
reinforce the role of T cells in postmenopausal bone loss.

It has recently been reported that RANKL expression on
lymphocytes and marrow stromal cells is significantly
elevated during estrogen deficiency in humans and corre-
lates directly with increases in bone resorption markers and
inversely with serum estrogen levels [14] and that in
postmenopausal women, production of cytokines repre-
sentative of T helper 1 lymphocytes are increased, and this
effect is reversed by supplemental estrogen.

Taken together these data demonstrate that estrogen lose
causes an increase in T-cell activation and in production of
pro-osteoclastogenic cytokines; moreover, experimental
model demonstrated that this effect is the driver of
increased bone resorption after menopause as nude mice
appears not to lose bone after ovariectomy [23].

The complex pathway trough which estrogen acts on
immune cells and bone is summarized in Fig. 1.

T Cells and Osteoclasts: Reciprocal Interactions

Most osteoclastogenic cytokines also regulate macro-
phages or dendritic cells which share with OC their bone
marrow precursors during development, in particular it has
been demonstrated that circulating OC precursors exist
primarily within the monocytic fraction of peripheral blood
[12, 69-71] and their presence in the circulation serves
both as a reservoir for replenishing pre-osteoclast popula-
tions in the bone marrow as needed and as a potentially
abundant source of pre-osteoclasts that can be recruited
into bone or joint tissue in response to reparative or path-
ological signals, for this reason OCs have been regarded
as immune cells that are recruited in bone in response
to RANKL and costimulatory molecules expressed on
accessory cells.

In the recent years, several investigators have paid
attention to the role of T cells in regulating osteoclasto-
genesis; the majority of the studies both in animal and in
human models suggested that T cells induced OC forma-
tion, increased their lifespan and activity, while other
workers suggested that T cells could inhibit OC formation
in vitro. Some studies support the hypothesis that T cells
activation after estrogen withdrawal induce OC formation
and bone loss: in particular data from mice show that
adoptive transfer of wild-type T cells restores the capacity
of ovariectomy to induce bone loss, while transfer of T
cells from TNF null mice does not [23, 49, 72, 73]. Other
studies argued against a pivotal role of T cells in bone loss
induced by ovariectomy in mice models [74-76]. In
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Fig. 1 Schematic
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particular, Lee et al. [76] suggested that nude mice lose
trabecular bone as well as wild-type after ovariectomy and
that T cells may have important effects on the cortical
rather than on trabecular compartment.

In postmenopausal osteoporosis, we demonstrated that T
cells are activated to a greater degree at baseline as respect
to healthy post- and premenopausal controls and that this
implies their greater ability to produce RANKL and TNF«
thus inducing OC formation and activity, we have also
demonstrated that in the absence of T cells from peripheral
blood mononuclear cells cultures OC formation is abol-
ished, this phenomenon is reversed only by the addition of
M-CSF and RANKL in cultures.

A recent paper by Senthilkumar et al. suggested an
interesting reciprocal interaction between OC and T cells,
mediated trough a direct interaction involving CD137/
Cd137L and RANK/RANKL; in particular the authors
suggested that the binding between RANK expressed on
OC and RANKL expressed on activated T cells activate a
signal-mediated mechanism that inhibit T cells prolifera-
tion (CD137 L), suggesting that OC can interact with T cell
exactly as an immune cell [77].

These summarized evidences suggest that T cells and
OC are strictly related, and that their interaction could
partially explain the relation between estrogen deficiency,
activation of immune system and bone loss, anyway the
interaction between T cells and OC are very complex and
only at the beginning of their knowledge.
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Conclusions

In the last decade, several investigators have paid attention
to the relationship between estrogen, the immune system,
and the skeleton. Today the majority of the data have been
obtained in animal models, but in the recent years new
evidences have been accumulated in humans toward a
profound link between estrogen deprivation, immune sys-
tem deregulation, and bone loss. If this relationship will be
confirmed by future works, postmenopausal osteoporosis
should be regarded as an inflammatory disorder sustained
by a chronic mild decrease in T-cell tolerance.

Acknowledgment PD is supported by a fellowship of the “Regione
Piemonte.”

References

1. Mundy GR. Osteoporosis and inflammation. Nutr Rev. 2007;65:
S147-51.

2. Horwood N. Lymphocyte-derived cytokines in inflammatory
arthritis. Autoimmunity. 2008;41:230-8.

3. Weitzmann MN, Pacifici R. T cells: unexpected players in the
bone loss induced by estrogen deficiency and in basal bone
homeostasis. Ann N Y Acad Sci. 2007;1116:360-75.

4. Straub RH. The complex role of estrogens in inflammation.
Endocr Rev. 2007;28:521-74.

5. Teitelbaum SL. Postmenopausal osteoporosis, T cells, and
immune dysfunction. Proc Natl Acad Sci U S A. 2004;101:
16711-2.



Clinic Rev Bone Miner Metab

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Rifas L, Arackal S. T cells regulate the expression of matrix
metalloproteinase in human osteoblasts via a dual mitogen-acti-
vated protein kinase mechanism. Arthritis Rheum. 2003;48:
993-1001.

. Kotake S, Udagawa N, Hakoda M, Mogi M, Yano K, Tsuda E,

et al. Activated human T cells directly induce osteoclastogenesis
from human monocytes: possible role of T cells in bone
destruction in rheumatoid arthritis patients. Arthritis Rheum.
2001;44:1003-12.

. Colucci S, Brunetti G, Rizzi R, Zonno A, Mori G, Colaianni G,

et al. T cells support osteoclastogenesis in an in vitro model
derived from human multiple myeloma bone disease: the role of
the OPG/TRAIL interaction. Blood. 2004;104:3722-30.

. Brunetti G, Colucci S, Pignataro P, Coricciati M, Mori G, Cirulli

N, et al. T cells support osteoclastogenesis in an in vitro model
derived from human periodontitis patients. J Periodontol. 2005;
76:1675-80.

Roato I, Brunetti G, Gorassini E, Grano M, Colucci S, Bonello L,
et al. IL-7 up-regulates TNF-alpha-dependent osteoclastogenesis
in patients affected by solid tumor. PLoS One. 2006;1:e124.
Roato I, Grano M, Brunetti G, Colucci S, Mussa A, Bertetto O,
et al. Mechanisms of spontaneous osteoclastogenesis in cancer
with bone involvement. FASEB J. 2005;19:228-30.

D’Amelio P, Grimaldi A, Di Bella S, Brianza SZ, Cristofaro MA,
Tamone C, et al. Estrogen deficiency increases osteoclastogenesis
up-regulating T cells activity: a key mechanism in osteoporosis.
Bone. 2008;43:92-100.

D’Amelio P, Grimaldi A, Pescarmona GP, Tamone C, Roato I,
Isaia G. Spontaneous osteoclast formation from peripheral blood
mononuclear cells in postmenopausal osteoporosis. FASEB J.
2005;19:410-2.

Eghbali-Fatourechi G, Khosla S, Sanyal A, Boyle WJ, Lacey DL,
Riggs BL. Role of RANK ligand in mediating increased bone
resorption in early postmenopausal women. J Clin Invest. 2003;
111:1221-30.

Khosla S. Minireview: the OPG/RANKL/RANK system. Endo-
crinology. 2001;142:5050-5.

Kong YY, Yoshida H, Sarosi I, Tan HL, Timms E, Capparelli C,
et al. OPGL is a key regulator of osteoclastogenesis, lymphocyte
development and lymph-node organogenesis. Nature. 1999;397:
315-23.

Suda T, Takahashi N, Udagawa N, Jimi E, Gillespie MT, Martin
TJ. Modulation of osteoclast differentiation and function by the
new members of the tumor necrosis factor receptor and ligand
families. Endocr Rev. 1999;20:345-57.

Hofbauer LC, Khosla S, Dunstan CR, Lacey DL, Boyle WI,
Riggs BL. The roles of osteoprotegerin and osteoprotegerin
ligand in the paracrine regulation of bone resorption. J Bone
Miner Res. 2000;15:2-12.

Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M,
Mochizuki S, et al. Osteoclast differentiation factor is a ligand for
osteoprotegerin/osteoclastogenesis-inhibitory factor and is iden-
tical to TRANCE/RANKL. Proc Natl Acad Sci U S A. 1998;95:
3597-602.

Horwood NJ, Kartsogiannis V, Quinn JM, Romas E, Martin TJ,
Gillespie MT. Activated T lymphocytes support osteoclast for-
mation in vitro. Biochem Biophys Res Commun. 1999;265:
144-50.

Hotokezaka H, Sakai E, Ohara N, Hotokezaka Y, Gonzales C,
Matsuo K, et al. Molecular analysis of RANKL-independent cell
fusion of osteoclast-like cells induced by TNF-alpha, lipopoly-
saccharide, or peptidoglycan. J Cell Biochem. 2007;101:122-34.
Lam J, Takeshita S, Barker JE, Kanagawa O, Ross FP, Teitel-
baum SL. TNF-alpha induces osteoclastogenesis by direct stim-
ulation of macrophages exposed to permissive levels of RANK
ligand. J Clin Invest. 2000;106:1481-8.

23.

24.

25.

26.

27.

28.

29.

31.

32.

33.

34.

35.

36.

37.

38.

Roggia C, Gao Y, Cenci S, Weitzmann MN, Toraldo G, Isaia G,
et al. Up-regulation of TNF-producing T cells in the bone
marrow: a key mechanism by which estrogen deficiency induces
bone loss in vivo. Proc Natl Acad Sci U S A. 2001;98:
13960-5.

Pacifici R, Brown C, Puscheck E, Friedrich E, Slatopolsky E,
Maggio D, et al. Effect of surgical menopause and estrogen
replacement on cytokine release from human blood mononuclear
cells. Proc Natl Acad Sci U S A. 1991;88:5134-8.
Charatcharoenwitthaya N, Khosla S, Atkinson EJ, McCready LK,
Riggs BL. Effect of blockade of TNF-alpha and interleukin-1
action on bone resorption in early postmenopausal women.
J Bone Miner Res. 2007;22:724-9.

Diarra D, Stolina M, Polzer K, Zwerina J, Ominsky MS, Dwyer
D, et al. Dickkopf-1 is a master regulator of joint remodeling. Nat
Med. 2007;13:156-63.

Zheng SX, Vrindts Y, Lopez M, De Groote D, Zangerle PF,
Collette J, et al. Increase in cytokine production (IL-1 beta, IL-6,
TNF-alpha but not IFN-gamma, GM-CSF or LIF) by stimulated
whole blood cells in postmenopausal osteoporosis. Maturitas.
1997;26:63-71.

Vargas SJ, Naprta A, Glaccum M, Lee SK, Kalinowski J, Lore-
nzo JA. Interleukin-6 expression and histomorphometry of bones
from mice deficient in receptors for interleukin-1 or tumor
necrosis factor. J Bone Miner Res. 1996;11:1736-44.

Kimble RB, Vannice JL, Bloedow DC, Thompson RC, Hopfer
W, Kung VT, et al. Interleukin-1 receptor antagonist decreases
bone loss and bone resorption in ovariectomized rats. J Clin
Invest. 1994;93:1959-67.

. Kitazawa R, Kimble RB, Vannice JL, Kung VT, Pacifici R.

Interleukin-1 receptor antagonist and tumor necrosis factor
binding protein decrease osteoclast formation and bone resorption
in ovariectomized mice. J Clin Invest. 1994;94:2397-406.

Wei S, Kitaura H, Zhou P, Ross FP, Teitelbaum SL. IL-1
mediates TNF-induced osteoclastogenesis. J Clin Invest. 2005;
115:282-90.

Toraldo G, Roggia C, Qian WP, Pacifici R, Weitzmann MN. IL-7
induces bone loss in vivo by induction of receptor activator of
nuclear factor kappa B ligand and tumor necrosis factor alpha
from T cells. Proc Natl Acad Sci U S A. 2003;100:125-30.
Weitzmann MN, Cenci S, Rifas L, Brown C, Pacifici R. Inter-
leukin-7 stimulates osteoclast formation by up-regulating the T-
cell production of soluble osteoclastogenic cytokines. Blood.
2000;96:1873-8.

Miyaura C, Onoe Y, Inada M, Maki K, Ikuta K, Ito M, et al.
Increased B-lymphopoiesis by interleukin 7 induces bone loss in
mice with intact ovarian function: similarity to estrogen defi-
ciency. Proc Natl Acad Sci U S A. 1997;94:9360-5.
Komschlies KL, Back TT, Gregorio TA, Gruys ME, Damia G,
Wiltrout RH, et al. Effects of rhIL-7 on leukocyte subsets in
mice: implications for antitumor activity. Immunol Ser. 1994;61:
95-104.

D’Amelio P, Grimaldi A, Bernabei P, Pescarmona GP, Isaia G.
Immune system and bone metabolism: does thymectomy influ-
ence postmenopausal bone loss in humans? Bone. 2006;39:
658-65.

Giuliani N, Colla S, Sala R, Moroni M, Lazzaretti M, La Monica
S, et al. Human myeloma cells stimulate the receptor activator of
nuclear factor-kappa B ligand (RANKL) in T lymphocytes: a
potential role in multiple myeloma bone disease. Blood.
2002;100:4615-21.

Sato T, Watanabe K, Masuhara M, Hada N, Hakeda Y. Produc-
tion of IL-7 is increased in ovariectomized mice, but not RANKL
mRNA expression by osteoblasts/stromal cells in bone, and IL-7
enhances generation of osteoclast precursors in vitro. J Bone
Miner Metab. 2007;25:19-27.

KU
3 Humana Press



Clinic Rev Bone Miner Metab

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Mo,

Lee SK, Kalinowski JF, Jastrzebski SL, Puddington L, Lorenzo
JA. Interleukin-7 is a direct inhibitor of in vitro osteoclasto-
genesis. Endocrinology. 2003;144:3524-31.

Lee SK, Kalinowski JF, Jacquin C, Adams DJ, Gronowicz G,
Lorenzo JA. Interleukin-7 influences osteoclast function in vivo
but is not a critical factor in ovariectomy-induced bone loss.
J Bone Miner Res. 2006;21:695-702.

Colucci S, Brunetti G, Cantatore FP, Oranger A, Mori G, Quarta
L, et al. Lymphocytes and synovial fluid fibroblasts support
osteoclastogenesis through RANKL, TNFalpha, and IL-7 in an in
vitro model derived from human psoriatic arthritis. J Pathol.
2007;212:47-55.

Roato I, Gorassini E, Brunetti G, Grano M, Ciuffreda L, Mussa
A, et al. IL-7 modulates osteoclastogenesis in patients affected by
solid tumors. Ann N Y Acad Sci. 2007;1117:377-84.

Roato I, D’Amelio P, Gorassini E, Grimaldi A, Bonello L, Fiori
C, et al. Osteoclasts are active in bone forming metastases of
prostate cancer patients. PLoS One. 2008;3:e3627.

Gendron S, Boisvert M, Chetoui N, Aoudjit F. Alphalbetal
integrin and interleukin-7 receptor up-regulate the expression of
RANKL in human T cells and enhance their osteoclastogenic
function. Immunology. 2008;125:359-69.

Takayanagi H, Ogasawara K, Hida S, Chiba T, Murata S, Sato K,
et al. T-cell-mediated regulation of osteoclastogenesis by sig-
nalling cross-talk between RANKL and IFN-gamma. Nature.
2000;408:600-5.

Sato K, Satoh T, Shizume K, Yamakawa Y, Ono Y, Demura H,
et al. Prolonged decrease of serum calcium concentration by
murine gamma-interferon in hypercalcemic, human tumor (EC-
GI)-bearing nude mice. Cancer Res. 1992;52:444-9.

Vermeire K, Heremans H, Vandeputte M, Huang S, Billiau A,
Matthys P. Accelerated collagen-induced arthritis in I[FN-gamma
receptor-deficient mice. J Immunol. 1997;158:5507-13.

Gao Y, Grassi F, Ryan MR, Terauchi M, Page K, Yang X, et al.
IFN-gamma stimulates osteoclast formation and bone loss in vivo
via antigen-driven T cell activation. J Clin Invest. 2007;117:
122-32.

Cenci S, Toraldo G, Weitzmann MN, Roggia C, Gao Y, Qian
WP, et al. Estrogen deficiency induces bone loss by increasing T
cell proliferation and lifespan through IFN-gamma-induced class
II transactivator. Proc Natl Acad Sci U S A. 2003;100:10405-10.
Arnoldi J, Gerdes J, Flad HD. Immunohistologic assessment of
cytokine production of infiltrating cells in various forms of lep-
rosy. Am J Pathol. 1990;137:749-53.

Firestein GS, Alvaro-Gracia JM, Maki R. Quantitative analysis of
cytokine gene expression in rheumatoid arthritis. J Immunol.
1990;144:3347-53.

Cannon GW, Pincus SH, Emkey RD, Denes A, Cohen SA, Wolfe
F, et al. Double-blind trial of recombinant gamma-interferon
versus placebo in the treatment of rheumatoid arthritis. Arthritis
Rheum. 1989;32:964-73.

Veys EM, Menkes CJ, Emery P. A randomized, double-blind
study comparing twenty-four-week treatment with recombinant
interferon-gamma versus placebo in the treatment of rheumatoid
arthritis. Arthritis Rheum. 1997;40:62-8.

Mann GN, Jacobs TW, Buchinsky FJ, Armstrong EC, Li M, Ke
HZ, et al. Interferon-gamma causes loss of bone volume in vivo
and fails to ameliorate cyclosporin A-induced osteopenia.
Endocrinology. 1994;135:1077-83.

Key LL Jr, Rodriguiz RM, Willi SM, Wright NM, Hatcher HC,
Eyre DR, et al. Long-term treatment of osteopetrosis with
recombinant human interferon gamma. N Engl J Med. 1995;332:
1594-9.

Takayanagi H, Kim S, Taniguchi T. Signaling crosstalk between
RANKL and interferons in osteoclast differentiation. Arthritis
Res. 2002;4(Suppl 3):5227-32.

3. Humana Press

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Cohen JH, Danel L, Cordier G, Saez S, Revillard JP. Sex steroid
receptors in peripheral T cells: absence of androgen receptors
and restriction of estrogen receptors to OKTS8-positive cells.
J Immunol. 1983;131:2767-71.

Danel L, Souweine G, Monier JC, Saez S. Specific estrogen
binding sites in human lymphoid cells and thymic cells. J Steroid
Biochem. 1983;18:559-63.

Kanda N, Tamaki K. Estrogen enhances immunoglobulin pro-
duction by human PBMCs. J Allergy Clin Immunol. 1999;103:
282-8.

Verthelyi D, Ahmed SA. 17 beta-estradiol, but not 5 alpha-
dihydrotestosterone, augments antibodies to double-stranded
deoxyribonucleic acid in nonautoimmune C57BL/6J mice.
Endocrinology. 1994;135:2615-22.

Masuzawa T, Miyaura C, Onoe Y, Kusano K, Ohta H, Nozawa S,
et al. Estrogen deficiency stimulates B lymphopoiesis in mouse
bone marrow. J Clin Invest. 1994;94:1090-7.

Manabe N, Kawaguchi H, Chikuda H, Miyaura C, Inada M,
Nagai R, et al. Connection between B lymphocyte and osteoclast
differentiation pathways. J Immunol. 2001;167:2625-31.

An J, Ribeiro RC, Webb P, Gustafsson JA, Kushner PJ, Baxter
JD, et al. Estradiol repression of tumor necrosis factor-alpha
transcription requires estrogen receptor activation function-2 and
is enhanced by coactivators. Proc Natl Acad Sci U S A. 1999;
96:15161-6.

Yang NN, Venugopalan M, Hardikar S, Glasebrook A. Identifi-
cation of an estrogen response element activated by metabolites
of 17beta-estradiol and raloxifene. Science. 1996;273:1222-5.
Porter VR, Greendale GA, Schocken M, Zhu X, Effros RB.
Immune effects of hormone replacement therapy in post-meno-
pausal women. Exp Gerontol. 2001;36:311-26.
Stopinska-Gluszak U, Waligora J, Grzela T, Gluszak M, Jozwiak
J, Radomski D, et al. Effect of estrogen/progesterone hormone
replacement therapy on natural killer cell cytotoxicity and
immunoregulatory cytokine release by peripheral blood mono-
nuclear cells of postmenopausal women. J Reprod Immunol.
2006;69:65-75.

Heng TS, Goldberg GL, Gray DH, Sutherland JS, Chidgey AP,
Boyd RL. Effects of castration on thymocyte development in two
different models of thymic involution. J Immunol. 2005;175:
2982-93.

Sutherland JS, Goldberg GL, Hammett MV, Uldrich AP, Berzins
SP, Heng TS, et al. Activation of thymic regeneration in mice and
humans following androgen blockade. J Immunol. 2005;175:
2741-53.

Ramnaraine M, Pan W, Clohisy DR. Osteoclasts direct bystander
killing of cancer cells in vitro. Bone. 2006;38:4-12.

Massey HM, Flanagan AM. Human osteoclasts derive from
CD14-positive monocytes. Br J Haematol. 1999;106:167-70.
Shalhoub V, Elliott G, Chiu L, Manoukian R, Kelley M, Hawkins
N, et al. Characterization of osteoclast precursors in human
blood. Br J Haematol. 2000;111:501-12.

Cenci S, Weitzmann MN, Roggia C, Namba N, Novack D,
Woodring J, et al. Estrogen deficiency induces bone loss by
enhancing T-cell production of TNF-alpha. J Clin Invest. 2000;
106:1229-37.

Weitzmann MN, Pacifici R. The role of T lymphocytes in bone
metabolism. Immunol Rev. 2005;208:154-68.

Grceevic D, Lee SK, Marusic A, Lorenzo JA. Depletion of CD4
and CD8 T lymphocytes in mice in vivo enhances 1, 25-di-
hydroxyvitamin D3-stimulated osteoclast-like cell formation in
vitro by a mechanism that is dependent on prostaglandin syn-
thesis. J Immunol. 2000;165:4231-8.

Greevic D, Lukic IK, Kovacic N, Ivcevic S, Katavic V, Marusic
A. Activated T lymphocytes suppress osteoclastogenesis by
diverting early monocyte/macrophage progenitor lineage



Clinic Rev Bone Miner Metab

76.

commitment towards dendritic cell differentiation through down-
regulation of receptor activator of nuclear factor-kappaB and
c-Fos. Clin Exp Immunol. 2006;146:146-58.

Lee SK, Kadono Y, Okada F, Jacquin C, Koczon-Jaremko B,
Gronowicz G, et al. T lymphocyte-deficient mice lose trabecular

7.

bone mass with ovariectomy. J Bone Miner Res. 2006;21:

1704-12.

Senthilkumar R, Lee HW. CD137L- and RANKL-mediated
reverse signals inhibit osteoclastogenesis and T lymphocyte
proliferation. Immunobiology. 2009;214:153-61.

S
“

Mo,

<
~

Humana Press



	Immune System and Postmenopausal Bone Loss
	Abstract
	Introduction
	Estrogen Loss and OC Formation
	TNF&agr;
	IL-1
	IL-7
	IFN&ggr;
	Estrogen Loss and Immune System
	T Cells and Osteoclasts: Reciprocal Interactions
	Conclusions
	Acknowledgment
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


