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Abstract
Aging is associated with decreased immune function that leads to increased morbidity and
mortality in the elderly. Immune senescence is accompanied by age-related changes in two
primary lymphoid organs, bone marrow and thymus, that result in decreased production and
function of B and T lymphocytes. In bone marrow, hematopoietic stem cells exhibit reduced self-
renewal potential, increased skewing toward myelopoiesis, and decreased production of
lymphocytes with aging. These functional sequelae of aging are caused in part by increased
oxidative stress, inflammation, adipocyte differentiation, and disruption of hypoxic osteoblastic
niches. In thymus, aging is associated with tissue involution, exhibited by a disorganization of the
thymic epithelial cell architecture and increased adiposity. This dysregulation correlates with a
loss of stroma-thymocyte ‘cross-talk’, resulting in decreased export of naïve T cells. Mounting
evidence argues that with aging, thymic inflammation, systemic stress, local Foxn1 and
keratinocyte growth factor expression, and sex steroid levels play critical roles in actively driving
thymic involution and overall adaptive immune senescence across the lifespan. With a better
understanding of the complex mechanisms and pathways that mediate bone marrow and thymus
involution with aging, potential increases for the development of safe and effective interventions
to prevent or restore loss of immune function with aging.
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1. Introduction
Aging-associated immune deficiency represents a key component of the overall
pathophysiological effects of aging and has multiple well-documented impacts on human
health and quality of life. Hallmarks of aging with respect to immune function include
enhanced susceptibility to infection, poor responses to vaccination, and increased
autoimmunity, all of which increase morbidity and mortality in the elderly. Even in middle-
aged individuals, attenuated immune function contributes to reduced ability to combat
infectious diseases such as influenza. Immune deficiency is exacerbated by conditions such
as cancer and chronic viral infections. Decreased immune function commonly occurs after
chemotherapy, radiation, or bone marrow/stem cell transplantation, and is compounded by
age-related immune senescence.

Multiple physiological changes at the cell, organ, and system level are associated with
aging. Increasingly, individual genes are being identified with age-related changes in
expression or function that influence the whole organism by impacting general cellular
physiology (e.g., mitochondrial function, oxidative stress, telomere length) or individual
organs or tissues. Aging, like any other complex system, represents an integration of
multiple inputs with downstream influences on a variety of levels; interplay between tissue-
specific compartments and residents, systemic mediators, and cell-intrinsic regulators.
Careful investigation into these mechanisms may provide an opportunity to identify novel
avenues for therapeutic approaches to delay or reduce the effects of aging.

Bone marrow and thymus represent the two critical primary lymphoid organs negatively
impacted by aging. Bone marrow serves as a reservoir for hematopoietic stem cells (HSCs)
and is a critical site for sustained production of common lymphoid progenitor cells (CLPs).
Whereas the thymus provides the main venue for development and education of T cell
progenitors, bone marrow serves as the primary site for development of B cells. These
complex tissues play a crucial role in providing cellular components of the immune system
across the lifespan; however, they are highly susceptible to the combined impacts of aging.
While the effect of aging on thymocyte precursors has already been addressed in this issue
[1], here we present a discussion of the changes observed in bone marrow and thymus
associated with aging and more specifically detail a number of the key pathways and
processes dysregulated in these primary lymphoid organs that lead to immune deficiencies
with aging.

2. Bone Marrow
Bone marrow can be divided generally into two compartments: the HSC compartment,
which includes HSCs and the products of their differentiation; and the stromal compartment,
which includes mesenchymal stem cells and the stromal products of their differentiation,
such as osteoblasts and adipocytes. Changes in each of these compartments are known to
contribute to senescence of lymphocyte production with aging (Figure 1).

2.1 Effects of aging on the bone marrow HSC compartment
Aging has been demonstrated to have several important effects on the reservoir of HSCs
needed to sustain lymphopoiesis in bone marrow. In mice, quantities of HSCs within bone
marrow seem to paradoxically increase with aging [2–6]. The degree of this increase differs
depending upon the strain of mouse studied, placing an important role for genetics in the
effect of aging on long-term HSC activity [7, 8]. As an example, de Haan and colleagues
observed that the frequency and numbers of HSCs, which were defined as day 35
“cobblestone area forming cells,” in bone marrow increase in C3H/He, CBA/J, DBA/2,
BALB/c, and C57Bl/6 mice with aging. Aged DBA/2 mice possess a distinctly higher
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frequency of HSCs in bone marrow compared to the other four strains [2]. In humans,
genetic differences are even further accentuated, with studies reporting either decreased
numbers [9], increased numbers [10], or no change in numbers [11] of HSCs in bone
marrow with aging. Increased quantities of HSCs in mice have been attributed to greater
HSC proliferative activity with aging: in 23 month-old mice, 12.5% of HSCs were observed
to be in S/G2/M phases of the cell cycle, whereas younger mice, up to 15 months of age, had
only 2.6 – 3.9% of HSCs with the same proliferative markers [12]. Increased proliferative
activity may be detrimental to the ability of HSCs to sustain functions such as
lymphopoiesis and self-renewal despite their greater numbers. For instance, although the
number of HSCs increases in bone marrow of mice with aging [2–5, 12], they also show
decreased regenerative capacity in terms of efficiency for repopulating bone marrow of
lethally irradiated recipients [4, 6, 12]. This decline in regenerative function for HSCs with
aging despite increased quantities does not appear to be mouse strain-dependent [13].
Importantly, reduced self-renewal potential has also been demonstrated. For example, bone
marrow harvested from recipients of 20 – 24 month-old HSCs provides impaired
lymphopoietic and erythropoietic reconstitution of secondary irradiated recipients compared
to bone marrow taken from recipients of 2 – 3 month old HSCs [14]. Thus, HSCs exhibit
diminished functional quality with aging, which may correlate with their increased tendency
to proliferate.

Such changes in bone marrow HSC quality contribute to decreased lymphopoiesis with
aging. It was initially noted that in C57Bl/6 mice, HSCs from aged bone marrow
outcompete HSCs from young bone marrow when both types of HSCs are co-transplanted
into lethally irradiated recipients [14, 15]. Interestingly, this phenomenon is not observed in
CBA, DBA/2, or BALB/c mice [14, 15]. The unexpected competitive advantage of aged
HSCs over young HSCs led to further studies, which showed that aged bone marrow
produces significantly greater numbers of myeloid cells than young bone marrow in
competitive engraftment assays [12]. In a key study, the ability of aged HSCs to outcompete
young HSCs was found to reflect increased engraftment of self-renewing myeloid-skewed,
“lymphoid defective” HSCs [5]. A six-fold increase in such lymphoid defective HSCs was
also observed between 2 and 18 months of age in non-transplanted mice, accounting for over
40% of the paradoxical increase in HSC quantity over time [5]. These findings indicate that
expanded populations of aged HSCs consist of a large number of HSCs that are in fact
intrinsically skewed toward myelopoiesis and thus not truly uncommitted progenitors.

This concept of myeloid skewing of bone marrow HSCs plays a significant role in lymphoid
senescence with aging. Myeloid skewing has been validated using microarray analyses,
which show upregulation of myeloid genes and downregulation of lymphoid genes in bone
marrow HSCs taken from 22 – 24 month-old mice compared to genes expressed in younger
bone marrow HSCs at 2 – 3 months of age [3]. In mice, myeloid skewing of HSCs with
aging results in decreased bone marrow production of CLPs, pre-pro-B cells, pro-B cells,
pre-B cells, and total B cells [3, 16–19]. The question of whether the production of IgMhi

immature B cells and B-1 cells changes with aging remains controversial [16, 20–22].
Decreased production of pre-pro- and pro-B cells in bone marrow with aging has been
attributed to reduced CLP proliferation [19], whereas the decline in the numbers of pre-B
cells has been associated with loss of recombination activating gene 2 (RAG2) expression
and V(D)J recombinase activity [18]. In humans, aging has also been associated with
decreased production of B cell-committed progenitors, accompanied by decreased overall
lymphocytic cellularity, increased lymphocyte apoptosis, and percentages of B and T cells
peaking in bone marrow at 50 to 59 years of age [10, 23]. Thus, myeloid skewing of bone
marrow HSCs provides a key initial step toward a series of changes that result in diminished
lymphocyte production with aging.
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2.2 Oxidative stress is a key mechanism for intrinsic HSC dysfunction with aging
Loss of genomic longevity likely plays an important role in the failure of HSCs within bone
marrow to maintain lymphopoiesis with aging. Decreased genomic longevity occurs because
telomeres shorten in HSCs after every cell division, whether for differentiation or self-
renewal. In telomerase-deficient mice, this loss of telomeric DNA over time with aging
correlates with decreased HSC function [24, 25]. However, shortening of telomeres cannot
be the only factor contributing to declining HSC function in bone marrow because
overexpression of telomerase does not extend HSC function [26].

Oxidative stress, resulting in production of reactive oxygen species (ROS), must be
considered as an additional cause of bone marrow HSC dysfunction with aging. ROS-
mediated DNA damage is associated with loss of genomic integrity and is exacerbated by
the fact that DNA damage repair gene expression decreases in bone marrow HSCs with
aging [6]. In mice, increased ROS levels in HSCs have been associated with decreased HSC
survival and function [27–29], which can be rescued [28, 29] or delayed [30] by antioxidant
treatment. In a key series of experiments, Ito and colleagues used Atm−/− mice predisposed
toward accumulating DNA damage in bone marrow HSCs over time to examine the effect of
ROS on HSC function. Aged HSCs from these animals demonstrated a markedly impaired
ability to sustain hematopoiesis through 16 weeks post-transplantation into lethally
irradiated recipients. The HSCs also exhibited decreased capacity for self-renewal.
Overexpression of telomerase in these cells did not rescue their function. When intracellular
levels of ROS were measured, they were significantly higher in Atm−/− HSCs than in wild-
type HSCs. Treatment with N-acetylcysteine or catalase decreased intracellular ROS levels
in HSCs and restored hematopoietic reconstitutive capacity of the cells [28], thus
emphasizing the additional impact of ROS on HSC functional decline with aging.

Age-related changes in ROS activity within bone marrow have been evaluated extensively.
Bone marrow HSCs with low ROS activity exhibit normal lymphoid production, ability to
maintain quiescence, and self-renewal potential [27]. Meanwhile, bone marrow HSCs with
high ROS activity increase in percentage with age and show myeloid-skewed differentiation
and decreased self-renewal [27]. Aging is associated with a 25% decrease in HSCs within
bone marrow that have low ROS activity [27]. Levels of ROS likely increase in bone
marrow in part because production of antioxidants, such as glutathione [31] and
peroxiredoxin 2 [32], by bone marrow stromal cells and their precursors declines with aging.
In humans, ROS-induced DNA damage also accumulates in bone marrow HSCs with aging,
associated with loss of HSC regenerative capacity and self-renewal, HSC dysfunction, and
cell cycle arrest [33]. It is important to note that although antioxidant supplementation does
not appear to decrease mortality in clinical trials [34], specific effects of antioxidants on
human bone marrow HSC ROS activity and senescence have not been assessed. Reversal of
aging-related increases in ROS activity within bone marrow HSCs using exogenous
glutathione in human subjects has likewise remained difficult to test because the peptide is
not imported into cells in a simple manner [35, 36], and indiscriminate elevations of
glutathione levels may favor resistance of malignant cells to apoptosis [37]. Thus, the
available data together suggest that increased oxidative stress contributes significantly
toward senescence of lymphoid production from bone marrow HSCs with aging.

2.3 Decreased support for lymphopoiesis by the bone marrow stromal compartment with
aging

Aging produces changes in bone marrow stroma that result in loss of support for
lymphopoiesis. One study, in which 2 – 3 month-old bone marrow HSCs were transplanted
into 2 – 3 month-old and 22 – 24 month-old lethally irradiated recipients, suggested that
aging of the recipient bone marrow microenvironment does not produce long-term adverse
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effects in B cell lymphopoiesis [3]. This assertion, however, was based upon measurements
of circulating mature B cells over time, which could simply reflect homeostatic
proliferation, and were not based upon assessments of B cell precursors within bone marrow
itself. When bone marrow B cell precursor populations are examined, reduced B cell
lymphopoiesis in response to aging of bone marrow stroma becomes evident. For example,
it has been shown that the presence of older bone marrow stroma correlates with decreased
production of pre-B cells from pro-B cells, decreased expression of RAG2 in pro-B cells,
and decreased V(D)J recombinase activity in pro-B cells [18]. These changes occur
independent of HSC age. In fact, aging results in decreased stromal support for overall HSC
regenerative capacity, as observed by poor peripheral leukocyte reconstitution in lethally
irradiated recipients of age-matched bone marrow HSCs [13]. It is well-accepted that
changes in bone marrow stroma with aging negatively impact sustained lymphopoiesis. For
example, in mice a 52% decrease in ability of bone marrow stromal cells to support B cell
lymphopoiesis with aging is associated with reduced stromal IL-7 production [38]. The
identical mechanism may not apply to humans, as IL-7 appears to be dispensable for B cell
development in patients with defects in IL-7 signaling [39].

2.4 Aging-induced failure of bone marrow stromal cells to maintain HSC niches favorable
for sustained lymphopoiesis

In bone marrow, mesenchymal stem cells (MSCs) have the ability to differentiate into
osteoblasts or adipocytes [40]. Osteoblasts are stromal cells that play a central role in
maintaining bone marrow lymphopoeisis. HSCs have been demonstrated to be enriched
within the osteoblastic niches of bone marrow [41]. In a central study, Visnjic and
colleagues reported the results of conditional ablation of osteoblasts using a transgenic
mouse model. They found that loss of osteoblasts produces increased myelopoiesis, severely
decreased lymphopoiesis with greater than 30% reduction in bone marrow B cells, and
decreased numbers of HSCs in bone marrow [42]. In addition, increased osteoblastic activity
correlates with increased numbers of bone marrow HSCs in a Notch-dependent manner [43].
On the other hand, adipocytes are stromal cells that inhibit the preservation and activity of
bone marrow HSCs. Naveiras and colleagues observed a 2 – 3-fold reduction in HSCs
within adipocyte-rich bone marrow compared to non-adipocytic rich bone marrow. Using
both lipoatrophic A-ZIP/F1 mice and inhibition of adipocyte formation in wild-type mice,
they further demonstrated significantly enhanced HSC hematopoietic reconstitution in
lethally irradiated recipients that lack bone marrow adipocytes [44].

Changes in the bone marrow stromal compartment play a critical role in declining HSC
function with aging. Aging is generally associated with increased production of poorly
characterized factors in bone marrow that promote growth and not loss of stroma [45]. Thus,
abnormal, not deficient, differentiation of MSCs in producing osteoblast-rich niches needed
to maintain HSC function may be central to age-related loss of stromal support for
lymphopoeisis [46]. Aging produces an altered balance of osteoblast and adipocyte
differentiation from MSCs, resulting in increased bone marrow adipogenesis [9] and
diminished osteoblastic proliferative capacity, function, and number [47, 48]. As a result of
these changes, HSCs are removed from osteoblastic niches and show decreased adhesion to
stroma [49]. Thus, failure to preserve and maintain the niches necessary for preserving
HSCs and their capacity for lymphopoiesis contributes significantly toward senescence of
bone marrow lymphoid function with aging.

Mechanisms for altered bone marrow osteoblast/adipocyte balance with aging have not been
fully elucidated, but some critical pathways have been defined. Peroxisome proliferator-
activated receptor gamma 2 (PPARγ2) serves as the “master regulator” of osteoblast/
adipocyte balance in stromal cell differentiation from MSCs: activation of PPARγ2 results
in upregulation of adipogenesis-associated genes and downregulation of osteoblastic genes
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[50]. In a key study, 20 – 26 month-old and 6 – 8 month-old bone marrow cells were treated
with a PPARγ agonist. Aged bone marrow produced a significantly greater number of
adipocytes than younger marrow, demonstrating increased sensitivity of older bone marrow
cells to the PPARγ agonist. Quantitative real-time RT-PCR analyses further revealed a 10-
fold increase in PPARγ2 mRNA expression in older bone marrow compared to younger
bone marrow cells [51]. It remains unclear why PPARγ2 expression rises with aging,
although age-related elevations in PPARγ activity have been associated with increased
oxidative stress that produces decreased binding of steroid receptor coactivator-1 (SRC-1) to
PPARγ [52]. Results of recent microarray analyses comparing gene expression in aged
versus young bone marrow MSCs [31] and adipocytes [53] will hopefully shed light on
additional factors that contribute to dysregulation of the bone marrow osteoblast/adipocyte
balance with aging. Finally, although most bone marrow adipocytes arise from MSCs, bone
marrow myeloid cells have also demonstrated the capacity to undergo adipogenesis with
aging [54]. This observation implies that myeloid skewing in aged bone marrow could
augment shifting of the osteoblast/adipocyte balance in favor of adipocytes. However, the
degree to which this mechanism contributes to adipocyte formation in vivo has not been
fully established.

2.5 Hypoxia: a critical factor for HSC longevity preserved by healthy bone marrow stromal
niches

Bone marrow HSCs are optimized for survival in hypoxic conditions with increased
expression of oxidative repair or protective proteins and decreased expression of motility
proteins [55]. When cultured under hypoxic conditions (1% oxygen), they demonstrate a
7.6-fold increase in efficiency for repopulating bone marrow of lethally irradiated recipients
compared to HSCs cultured in normoxia [56]. Hypoxia preserves HSC longevity by
promoting their existence in the G0 state [57].

Important mechanisms encourage the subsistence of bone marrow HSCs in hypoxia. Most
obviously, hypoxia benefits HSCs by protecting them from ROS-mediated DNA damage,
which allows them to maintain normal lymphoid production and self-renewal potential [27].
Proteomic analysis of bone marrow HSCs reveals that they express upregulated glycolytic
pathway components, allowing them to produce energy for survival without using the ROS-
generating process of oxidative phosphorylation [55]. More importantly however, hypoxia
preserves long-term bone marrow HSC function and lymphopoiesis through its impact on
hypoxia inducible factor-1 alpha (HIF-1α), which binds to hypoxia response elements in
promoter regions of DNA to direct transcription [58]. In a fundamental series of
experiments, Takubo and colleagues demonstrated the critical role of hypoxia-induced
HIF-1α activity in HSCs. They first compared bone marrow HSCs cultured in 1% oxygen
and 20% oxygen and demonstrated increased expression and stability of HIF-1α in hypoxic
HSCs. Conditional deletion of HIF-1α was then used to demonstrate that it is required in
bone marrow HSCs to maintain the cells in G0, upregulate glucose transporter 1 and
pyruvate dehydrogenase for glycolysis, and attenuate ROS production. Aged HIF-1α
deficient animals exhibit accelerated loss of bone marrow HSCs. Exhaustion of bone
marrow HSCs occurs as a result of loss of HIF-1α mediated suppression of p16Ink4a and
p19Arf [59]. HIF-1α also upregulates stem cell telomerase expression and activity [60] and
interacts with Notch, resulting in activation of Notch-responsive genes [61]. Finally,
hypoxia plays an important role in maintaining HSC function through its ability to induce
vascular endothelial growth factor alpha (VEGFα in a manner that does not seem to require
HIF-1α [59]. VEGFα appears to be important for maintaining the regenerative capacity, but
not necessarily quantity, of bone marrow HSCs [62].

In addition to its effects on bone marrow HSCs, hypoxia enhances the ability of stromal
cells to support long-term bone marrow HSC function. Protection against ROS activity may
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play an important role: increased ROS and lipoxygenase levels in stromal progenitors with
aging are known to result in increased lipid oxidation, leading to decreased wnt suppression
of PPARγ, decreased binding of SRC-1 to PPARγ, and reduced numbers of osteoblasts [52,
63]. Rat bone marrow MSCs cultured in low oxygen conditions (5% oxygen) demonstrate
increased osteoblastic activity [64]. Hypoxia-induced VEGFα expression supports
osteoblastic function [62]. It has been suggested that human bone marrow MSCs shift away
from adipogenesis toward osteoblast differentiation under hypoxic conditions [65], although
this finding is not consistently observed [66]. As in bone marrow HSCs, hypoxia results in
upregulation of HIF-1α in bone marrow MSCs, associated with increased expression of
telomerase [66, 67].

Not surprisingly, healthy bone marrow provides hypoxic microenvironments favorable for
HSC longevity [59]. While room air at sea level contains oxygen at a concentration of
approximating 21%, it has long been known that bone marrow is desaturated and contains
oxygen concentrations ranging from 1% – 7% [66, 68, 69]. In pioneering work, Parmar and
colleagues injected mice with pimonidazole, which localizes to hypoxia. They then isolated
bone marrow cells and used intracellular anti-pimonidazole antibody staining to demonstrate
that HSCs are distributed within the most hypoxic areas of bone marrow. They supported
this observation using tirapazamine, which is toxic to cells under hypoxic conditions but
which is neutralized by oxygen. Treatment of mice with tirapamazine resulted in 90% – 95%
loss of bone marrow HSCs [70]. Subsequent work has confirmed that these near-anoxic
regions of bone marrow in which HSCs are sustained and enriched correspond to the same
endosteal niches in which osteoblasts reside, localized away from vascular flow [71]. These
findings suggest that a key role for osteoblasts in supporting lymphopoiesis involves
maintaining hypoxic niches within the bone marrow that are favorable for preventing
senescence of HSC lymphoid production. Loss of osteoblastic niches with aging thus has a
direct impact on bone marrow HSCs through disruption of these favorable hypoxic
microenvironments (Figure 1).

2.6 Role of inflammation in reduced bone marrow lymphopoiesis with aging
Increased inflammation or repetitive inflammatory insults with aging may contribute to
decreased bone marrow production of lymphoid cells, although definitive studies remain
lacking. Nakamura, Maeda, and colleagues demonstrated using Src homology-2-containing
inositol 5′-phosphatase (SHIP)-deficient mice that myeloid skewing of HSCs with aging
requires signaling through SHIP that can occur in response to IL-6. IL-6, in turn, is produced
by the myeloid products of HSC differentiation themselves [72, 73]. This positive feedback
cycle could amplify myeloid skewing over time. Elevated ROS activity in the bone marrow
with aging has been demonstrated to have the ability to induce local IL-6 production [74].
Finally, systemic IL-6 levels increase with aging [75], which may further enhance myeloid
skewing. Increased IL-6 levels with aging may also indirectly decrease bone marrow HSC
function by somehow affecting bone marrow osteoblast/adipocyte balance. Significantly
higher levels of IL-6 have been found in bone marrow of osteoporotic patients, correlating
with reduced osteoblastic activity, compared to non-osteoporotic patients [76]. This
observation requires further evaluation, as a later report did not find an association between
increased bone marrow adipogenesis and IL-6 levels with aging. In this report, however,
bone marrow IL-6 concentrations were not assessed [9].

2.7 Bone marrow lymphoid senescence and future research considerations
Despite an increased understanding of changes in bone marrow with aging that contribute to
its senescence as a lymphoid organ, many questions remain unanswered. For example, it is
not completely known why the hypoxic bone marrow niches favorable for sustained
lymphopoiesis change or why aged HSCs appear to lose adhesion to or localize away from
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these niches. Recent studies have reported that P-selectin expression increases in HSCs with
aging [6, 77]. Because P-selectin is highly involved in cellular adhesion and migration, this
finding may shed some light on mechanisms behind the changes in HSC distribution with
aging. Further definition of HIF-1α-mediated and non-HIF-1α-mediated signaling pathways
needed for maintaining long-term HSC survival and function in hypoxic conditions would
help identify additional molecular processes that contribute to senescence with aging and
potential therapeutic intervention. Finally, genetic, epigenetic [6], and environmental [19]
variables are known to modulate age-induced HSC senescence. However, the specific
factors and mechanisms by which they together and individually affect the bone marrow
have not yet been fully characterized. Infections, diet, and hormones could all be
hypothesized to influence bone marrow senescence with aging. The role of growth hormone,
in particular, remains poorly defined. Growth hormone reverses age-associated adipogenesis
but increases myelopoiesis in the bone marrow of rats [78]. In mice, sustained
overexpression of growth hormone (GH) and insulin-like growth factor-1 (IGF-1) is
associated with exhaustion of bone marrow HSCs [79]. Thus, additional research is required
to better understand the conditions that alter the progression of the bone marrow toward
lymphoid senescence with aging.

3. Thymus
The thymus is the major source of self-restricted, self-tolerant naïve T cells required for
robust adaptive immunity, demonstrated by the profoundly immune compromised status of
athymic individuals. Lymphoid progenitor cells from bone marrow commit to the T cell
lineage, differentiate into functional T cells within the thymus, and are then exported to the
periphery, where they act to effect and control immune responses. The capacity of the
thymus to produce T cells is determined by the structure and function of the thymic stroma,
composed of thymic epithelial cells (TECs) and other non-lymphoid cells that provide a
series of microenvironmental niches to promote distinct stages of T cell development and
repertoire selection. The thymus develops during fetal life, reaches its maximal output
during early postnatal life, and declines in size and output during young adulthood and
throughout adult life through the process of age-related involution.

3.1 Changes in thymic stromal structure and function during the lifespan
The thymus originates from endodermal cells in the ventral third pharyngeal pouches during
mid-gestation in mouse embryos; thus all TECs have a common endodermal origin [80].
Once organogenesis is initiated, a complex set of cellular interactions between TECs,
surrounding mesenchyme, and immigrating lymphoid and endothelial progenitor cells
results in the development of an intricate cellular environment [81]. The postnatal thymus
consists of developing T cells, known as thymocytes, and the non-lymphoid thymic stromal
elements that in aggregate comprise the microenvironments that promote the different stages
of thymocyte differentiation. These elements include TECs, mesenchyme, endothelium, and
non-lymphoid hematopoietic cells (e.g., dendritic cells and macrophages). TECs represent
the primary functional stromal cell type and are required for promoting most stages of
thymocyte differentiation.

After birth, the thymus continues to develop and organize its compartmental structure while
being periodically seeded with hematopoietic progenitors from bone marrow [82]. During
the early postnatal period, it expands in size and increases the rate of output of naïve T cells,
filling the ‘empty’ peripheral environment [83–85]. The postnatal thymus is organized into
regions or compartments that contain different populations of TECs and thymocytes. The
outer and inner compartments are termed the cortex and medulla, respectively, and the zone
where they meet is known as the corticomedullary junction (CMJ) (Figure 2). These
compartments are characterized by the presence of two main subsets of TECs that exhibit a
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striking functional dichotomy. Cortical TECs (cTECs) are responsible for T lineage
commitment, early thymocyte expansion and differentiation, and positive selection, while
medullary TECs (mTECs) are required for proper induction of central tolerance and the final
stages of thymocyte maturation prior to thymic egress. While initial development of the
cTEC and mTEC lineages appears to occur autonomously, elaboration of properly expanded
and organized cortical and medullary compartments depends upon the presence of
developing thymocytes [86, 87]. This well-established, mutually inductive process is termed
“cross-talk” [88–90] and contributes to the regulation of thymus organogenesis and
homeostasis.

3.2 The role of thymic involution in immunosenescence
Loss of T cell production from thymus comprises a significant component of immune
senescence. At some point, although the exact timing of onset remains controversial and
may be species-specific, the thymus enters a period of decline, resulting in stereotypic
degeneration of the organ, termed “thymic involution” [91, 92]. Aging is associated with
gradual disorganization of thymic compartments, changes in TEC subset ratios, and reduced
T cell production. While the mechanisms underlying these processes remain poorly
characterized, the final result is clearly deteriorated thymus structure with severely reduced
output of naïve T cells.

Thymic involution results in age-related T cell abnormalities that contribute to reduced
immune system function. The primary effect on peripheral T cells is a decline in frequency
and function of naïve T cells, leading to a restricted T cell repertoire and decreased immune
responses to novel challenges. Increased representation of memory T cells occurs as a
consequence of aging. Diminished capacity of T cells to proliferate and produce cytokines in
older individuals is thought to result from defects accumulated after prolonged T cell
residence in the periphery [93]. The reduced number and repertoire of naïve T cells in the
peripheral pool occurs largely due to diminished output from aged thymus [94].

3.3 Changes in thymic stromal structure and function associated with thymic senescence
During thymic involution, the TEC component of the thymic stroma is not maintained. Age-
related defects in the thymus epithelial compartment include a reduction in the number of
TECs with age, skewing of the cTEC:mTEC ratio, and a decline in the most differentiated
MHC class IIhigh TEC subsets [95, 96]. Changes in TEC subsets are associated with the
appearance of a less complex medullary architecture [97] and progressive disorganization of
the stromal architecture, as observed by blurring of the CMJ (Figure 2). These age-related
changes are accompanied by replacement of thymocytes in perivascular spaces with adipose
tissue and the appearance of areas devoid of epithelial cells [94, 98].

One of the more dramatic changes appears in the form of increased adipose tissue within the
involuted thymus and is especially pronounced in humans. Recent data support a possible
intrathymic origin for adipose cells [99, 100]. Since thymocyte numbers begin to decline
prior to obvious increases in thymic fat, it seems unlikely that increased adiposity in the
thymus alone causes aging-related thymic involution. However, evidence is mounting that
adipose cells can produce an array of cytokines and other signaling molecules that directly
affect thymopoiesis [101, 102]. Data also support a correlation between reduced adiposity
and increased thymic function, such as during caloric restriction [103]. Obesity and
increased intrathymic fat have also been associated with reduced thymic function [99, 104].
Thus, while increases in thymic adipocytes may not necessarily initiate involution, their
increasing presence with age may accelerate or directly aggravate the impact of age on
thymic function. Further research in this area may yield beneficial information relevant to
both mechanisms of thymic involution and strategies to ameliorate it.
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3.4 Loss of thymocyte-stromal cross-talk as a key mechanism for thymic senescence
‘Cross-talk’ between TEC and developing thymocytes is required for development of
normal thymic architecture. Several key inductive interactions have been identified,
including a requirement for receptor activator of nuclear factor kappa-B (NF-κb) ligand and
CD40L signaling from thymocytes for the differentiation of specific mTEC subtypes and a
need for NF-κb pathway signaling for medullary compartment formation and expansion
[105]. It remains unclear whether the same mechanisms required for initial formation of a
functional thymus play a role in its degeneration.

Thymic involution likely occurs as a consequence of both intrinsic defects in thymocyte
progenitors and failure to maintain a functional TEC compartment. However, the
interdependence of these cellular components significantly complicates analysis of their
relative contributions to involution. Age-related decreases in the function of bone marrow
HSCs and their ability to generate high-quality lymphoid progenitors have already been
discussed. Recent studies have shown that within thymus the number of early T lineage
precursors (ETPs) in the double-negative 1 subset declines with age [91, 106] and that
purified ETPs from old donors have reduced activity in fetal thymus reconstitution assays
[91], suggesting that intrinsic defects in thymocyte progenitors contribute to reduced
thymopoiesis in old age [92, 107]. However, whether these defects exist intrinsic to
thymocyte precursors or secondary to influences from their exposure to the aged thymic
microenvironment before isolation remains undetermined. Reconstitution of aged thymuses
with bone marrow precursors from young mice do not restore thymic compartmental
structure or fully rescue deficient thymopoiesis, and reconstitution of young mice using aged
bone marrow cells [108] or intrathymic injection of young ETPs into an aged thymus [109]
do not impair thymopoiesis. Similarly, when fetal thymi are transplanted into aged mice,
they are efficiently colonized by the aged bone marrow-derived cells and do not involute
[109]. These data suggest that reduced ability of aged thymi to support thymopoiesis may
come from direct or indirect age-related defects in thymic stroma.

Decreased availability of stromal epithelial niches for thymocyte progenitors in the
involuted thymus or a deterioration in the quality of these niches could account in part for
reduced naïve T cell output with aging. Evidence supporting this notion comes from several
studies that demonstrate that increased TEC number produces a proportional increase in
thymus size. Expression of cyclin D1 under a keratin 5 promoter in TECs results in a
dramatic increase in thymus size and is sufficient to delay or prevent involution [110].
Similarly, expression of simian vacuolating virus 40 T antigen under control of the Foxn1
promoter leads to markedly increased thymus size with normal stromal organization [111].
Genetic inactivation of the cell cycle inhibitor p27 (p27KIP1, Cdkn1b) also results in
excessive thymus size and increased output with normal stromal organization [112–114].
Conversely, limiting TEC number by either restricting the number of epithelial progenitors
from which the thymus develops [115] or by suppressing the proliferative potential of the
epithelial progenitor/stem compartment [116] results in thymic hypoplasia. Collectively,
these studies suggest that niche availability serves as a key determinant for thymus output
and that restriction in the number and/or function of thymic micronvironmental niches is a
critical cellular and structural component of thymic involution. Nonetheless, while
thymocyte numbers and phenotypes in these models of delayed or blocked involution have
been studied, the absence of data regarding the effects of involution on thymic output and
the functionality of the peripheral T cell pool remains problematic.

3.5 The roles of inflammation, stress, and cytokines in thymic involution and senescence
Age-related changes in thymic cytokine production are known to play a role in thymic
senescence and involution. These changes may result from inflammation or stress. In a
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critical investigation, human thymuses were studied from normal human subjects ranging
from 3 days to 78 years of age [102]. mRNA analyses showed that aging is associated with
increased expression of leukemia inhibitory factor (LIF), oncostatin M (OSM), stem cell
factor (SCF), IL-6, and macrophage colony stimulating factor (M-CSF) by thymic
adipocytes and TECs. Increased expression of LIF, SCF, IL-6, and M-CSF further correlates
with decreased production of RTEs. In mice, administration of LIF, OSM, SCF, or IL-6
results in thymic involution [102]. The identification of three IL-6 family cytokines, LIF,
OSM, and IL-6, associated with thymic involution suggests an active role for inflammation
in thymic senescence with aging. Subsequent investigations showed that stress, applied by
endotoxin administration, can also produce thymic involution mediated by LIF and multiple
other pro-inflammatory cytokines through mechanisms that depend in part upon steroid
activity [117, 118].

3.6 Stromal cell factors associated with thymic senescence and rebound
Evidence is building that the involuted thymus can be rejuvenated to some degree, even in
very old individuals. Despite dramatic changes in appearance and function, even the very
aged thymus retains some function: although the total number of recent thymic emigrants
(RTEs) declines with age, output of RTEs remains relatively stable as a function of overall
thymus size [102, 119], although it is not clear whether the generated T cells have equivalent
function to those produced from a younger thymus. It has long been known that the thymus
can be induced to regenerate by a variety of experimental interventions, a process termed
“thymic rebound”. The persistent, albeit low level of thymic function and the ability to
induce thymic rebound in aged animals further indicates that the involuted thymus retains
the cellular capacity for regeneration. The ability to reverse thymic involution in
experimental animal models has yielded valuable information about potential mechanisms
of age-related thymic senescence.

Few genes have been definitively and specifically linked with directly regulating the
development, maintenance and rebound of the thymus. One protein that appears to play a
key role is the transcription factor Foxn1, the gene mutated in the classic functionally
athymic mouse mutant, ‘nude’. Foxn1 is a forkhead class transcription factor that is required
for TEC differentiation [111, 120–124]. Foxn1 has also been implicated in promoting
proliferation [96, 125], raising the possibility that it functions to balance or coordinate
differentiation and proliferation. Because of its central role in the fetal thymus, Foxn1 may
be a key regulator of TEC maintenance and function in the postnatal thymus. The Foxn1
gene is extensively expressed in both cTECs and mTECs in the postnatal thymus [96, 111,
121, 122], although its expression and protein levels are differentially regulated in various
TEC subsets [96, 111, 126]. Reducing but not eliminating Foxn1 gene expression soon after
birth causes rapid premature thymic involution that is phenotypically similar to age-related
involution [96]. Consistent with these results, downregulation of Foxn1 occurs early in
thymic involution [127], while transgenic overexpression of Foxn1 delays involution [128].
Foxn1 has been proposed to regulate fibroblast growth factor receptor 2 isoform IIIb
(FGFR2IIIb) transcription [129], which is needed for proliferation and differentiation of
TECs [130–133]. Mechanisms underlying changes in Foxn1 expression in the postnatal
thymus and how this process relates to other proposed agents of involution have not been
determined. However, Foxn1 expression/function must clearly be considered as a prime
downstream mediator of agents or pathways capable of inducing involution or rebound.

Keratinocyte growth factor (KGF) has been identified as another key factor in thymic
senescence and rebound. KGF signaling through FGFR2IIIb is critical for fetal thymus
organogenesis [132] and is linked to proliferation and differentiation in both fetal and
postnatal TECs [130–133]. Administration of KGF increases thymus size, TEC
differentiation, and thymocyte production in aged animals [131, 133–137]. Treatment with
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KGF also protects the postnatal thymus from damage after irradiation [133, 136, 138, 139].
KGF has multiple targets outside the thymus, and the mechanisms by which it acts in the
postnatal thymus and the functional quality of the thymus after KGF-induced rebound have
not been fully investigated.

3.7 Sex steroids and regulation of thymic involution and rebound
Puberty presents one of the most commonly proposed physiological causes for thymic
involution. This concept is based upon the idea that increased levels of steroid hormones
associated with sexual maturity have negative effects on the thymus. Support comes from
the observation that chemical or surgical castration, resulting in sex-steroid ablation (SSA)
of male mice or rats, produces thymic rebound [140, 141]. The effect appears to be reversed
by administration of testosterone or dihydrotestosterone [142], although the literature is not
consistent about this effect [143]. Thymic rebound after SSA correlates with increased
thymus size and thymocyte number, increased production of naïve T cells, and evidence of
recovered CMJ distinction [92, 106]. Androgens and estrogens administered in high doses
can also cause dramatic degeneration of the thymus, although it has not been demonstrated
that this degeneration occurs by the same cellular or molecular basis as age-related
involution.

Androgens work primarily by binding to the androgen receptor (AR), a member of the
steroid hormone receptor superfamily. AR is an intracellular receptor that is sequestered in
the cytoplasm by binding to heat shock protein 90. It translocates to the nucleus upon
hormone binding to modulate transcription of genes through binding to well-characterized
androgen response elements. The molecular complexes that AR recruits to target genes,
including mediator components and chromatin remodeling complexes, and the mechanisms
by which they influence gene expression have been extensively studied. Recent evidence has
identified two additional pathways of androgen action: through intracellular conversion of
testosterone to estrogen by aromatase and binding to promoters using the estrogen receptor
(ER), or through a poorly characterized second messenger pathway independent of
transcriptional regulation [144]. In support of the ER-based pathway, aromatase inhibitors
have been reported to produce thymic rebound, although perhaps not as effectively as
castration [145]. AR signaling affects many downstream targets and cellular functions. It has
been shown to influence proliferation by interacting directly with both Rb and cyclin D1
[146, 147], and it regulates differentiation by direct transcriptional regulation of effector
targets in multiple tissues.

The ability of androgen depletion or blockade to promote thymic rebound and the enlarged
thymic phenotypes associated with mutation of the androgen or estrogen receptor supports
the possibility that systemic hormonal changes associated with aging underlie at least some
of the changes seen during thymic involution. AR has been shown to be expressed in TECs
by both expression and functional analysis [142]. Consistent with SSA-induced rebound,
deletion of the AR results in an enlarged thymus in adult mice and resistance to androgen-
induced thymic atrophy [142]. Adoptive transfers with Ar null mutant bone marrow have
shown that this function appears to reside at least partially in the thymic stroma [142],
although the possibility that some effects of AR deletion may depend on AR activity in
hematopoietic cells cannot be excluded. Furthermore, castration and other global changes in
sex steroid production or receptor deletion have global and systemic physiological effects,
including complex effects on other hormones such as estrogens, IGF-1, and GH, which have
themselves been implicated in affecting thymus function [107, 148]. Thus, the mechanism of
thymic rebound in this model may involve a complex interaction between multiple cell types
and may have both direct and indirect effects on the thymus.
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Challenges exist in translating results from the SSA model of hormone-induced involution
to human age-related immunosenescence. First, a histologic and morphometric study of
human thymic structure from different ages concluded that the thymus reaches its peak size
and productivity soon after birth rather than at puberty, begins to decrease immediately
afterwards with a gradual decrease in output through middle age, and continues to
degenerate throughout life [149–151]. These results differ superficially from measures of
thymus function in mice, which show that thymic function, as measured by thymocyte
numbers, at least broadly corresponds to the age of sexual maturity [95, 96]. However, it
should be noted that in rodents, weaning and sexual maturity occur very close together,
while humans have a prolonged postnatal growth phase prior to puberty. Thus, the apparent
difference between mice and humans in the timing of onset for involution may have more to
do with life history differences than with differences in the mechanisms promoting
involution. Second, the fact that serum testosterone levels drop significantly with aging in
both rodents and humans [152–155] questions the effect of androgens on involution during
natural aging. If increased androgens during puberty and adulthood play a role in
suppressing thymus size and function, as castration-induced rebound suggests, then the
natural decrease in androgen levels that occurs with aging might be expected to relieve that
suppression to some degree. Yet thymus involution continues progressively, or at least does
not reverse, throughout natural aging. Third and finally, a recent report has raised further
issues concerning the degree that SSA-induced thymic rebound represents true
“rejuvenation” of the thymus [97]. Griffith and colleagues performed a bioinformatics-based
comparison of the stromal cell transcriptional profiles of the cortical and medullary regions
of wild-type thymi across time before, during, and after castration. This analysis produced
two key findings. First, castration-induced rebound exists transiently, and the rebounded
thymus re-involutes within a few weeks after castration. Second, and more importantly, the
gene expression profile of the maximally rebounded thymus seems indistinguishable from
the profile of aged, rather than young, thymus. Most critically, expression of tissue-restricted
antigens for negative selection and of Foxn1 did not recover to a ‘young’ profile. These
results suggest that SSA may induce expansion of the thymus but does not significantly
rejuvenate it, arguing that SSA-induced rebound does not generate a functionally ‘young’
microenvironment. Although SSA-induced rebound was first reported over 100 years ago
[156], it remains unclear what relationship sex steroids have to the normal life cycle of the
thymus or which cells in the thymus provide the most critical target for these effects during
involution or induction of rebound.

3.8 Missing mechanisms in understanding involution and rebound
Eventual thymic involution with sustained Foxn1 expression, re-involution after castration,
and failure of castration-induced rebound to generate sustained thymic rebound or to
recapitulate the molecular characteristics of a young microenvironment all point to
unidentified mechanisms of thymic senescence. Indeed, compared to other organs, very little
is known about the molecular and cellular mechanisms controlling generation and
maintenance of the thymic microenvironment or about the cellular composition of the
microenvironment itself and the lineage relationships between different TEC subsets. For
example, the field has relied almost exclusively on the role of a single TEC-specific
transcription factor, Foxn1, to explain thymus development, homeostasis, and involution. Its
pivotal role in fetal thymus development and in maintaining postnatal thymus homeostasis
identifies Foxn1 as a linchpin of thymus biology, tying together development and
maintenance of the thymic microenvironment across the lifespan, and it remains essential to
understand the mechanisms by which it regulates the balance between proliferation and
differentiation in TECs. However, while Foxn1 undeniably contributes to all of these
processes, it is clearly not sufficient to drive all the important processes in the thymus. Two
recent studies have shown that TEC-null mutants for Foxn1 demonstrate differential
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expression of some early cTEC and mTEC markers, suggesting that some TEC
differentiation occurs independently from Foxn1 [111, 157]. Another recent study has
identified additional transcription factors that may be candidates for future analysis of both
Foxn1-dependent and -independent processes in TECs across the lifespan [158].

4. Conclusions
High demand and clinical need exist for therapies to ameliorate immune deficiency caused
by aging. Substantial preclinical and clinical approaches are being explored to enhance
lymphopoiesis for the elderly in primary lymphoid tissues (i.e., bone marrow and thymus).
However, inadequate basic knowledge of cellular targets and molecular pathways that cause
age-associated involution in these critical primary lymphoid organs creates a significant
barrier to developing and implementing such strategies.

Upon reflection of specific changes observed in bone marrow and thymus with aging,
common themes come to the fore. The deliberate and highly regulated subcompartments of
primary lymphoid organs appear to fail with aging from both cell-intrinsic and extrinsic
pressures. Increased tissue inflammation and obvious colonization of stromal tissue with
adipocytes is noted with aging. With loss of protected and highly specialized functional
niches for nurturing and providing essential cross-talk to developing lymphocytes, there is a
breakdown in lymphopoiesis and subsequent profound immune deficiency with aging.

Better understanding of the biology underlying these changes should lead to the
development of more specific and effective strategies for reversing or even preventing age-
related primary lymphoid tissue involution, thus improving overall immune function in the
elderly and aging populations. For example, determining the origin of adipocytes and the
factors that control their development could be important for preventing or reversing the
effects of involution. Therapies aimed at sustaining or restoring stromal architecture and
function may be able to prevent or restore loss of lymphoid tissue function after involution,
regardless of the primary cause. A desirable outcome would include the identification of
specific cellular or molecular targets that can be exploited for tissue restoration with few or
no side effects. Thus, regeneration of aged bone marrow or thymus or prevention of its
deterioration remains a potentially productive avenue of research to induce significant
improvements in immune status in aged individuals.
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FGFR2IIIb fibroblast growth factor receptor 2 isoform IIIb

GH growth hormone

HIF-1α hypoxia inducible factor-1 alpha

HSCs hematopoietic stem cells

IGF-1 insulin-like growth factor-1

KGF keratinocyte growth factor

LIF leukemia inhibitory factor

M-CSF macrophage colony stimulating factor

mTECs medullary TECs

MSCs mesenchymal stem cells

NF-κb nuclear factor kappa-B

OSM oncostatin M

PPARγ2 peroxisome proliferator-activated receptor gamma 2

RAG2 recombination activating gene 2

ROS reactive oxygen species

RTEs recent thymic emigrants

SCF stem cell factor

SHIP Src homology-2-containing inositol 5′-phosphatase

SSA sex-steroid ablation

SRC -1 steroid receptor coactivator-1

TECs thymic epithelial cells

VEGFα vascular endothelial growth factor alpha
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Highlights

• Hypoxic niches are critical for sustaining bone marrow stem cell lymphopoiesis

• ROS and IL-6 accelerate bone marrow lymphoid senescence with aging

• HIF-1α and PPARγ2 modulate bone marrow lymphopoiesis with aging

• Loss of stromal-thymocyte cross-talk contributes to thymic involution with
aging

• Intrathymic changes in Foxn1, KGF, and sex steroids drive thymic senescence
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Figure 1. Mechanisms of bone marrow lymphoid senescence with aging
Aging produces changes within the bone marrow (yellow shaded area), including increased
production of adipocytes (A) from mesenchymal stem cells (MSC), loss of hypoxic
osteoblast (OB)-enriched niches, exhaustion of hematopoietic stem cells (HSC), skewing of
HSCs toward myeloid cell (M) formation, and defective production of lymphocyte
progenitors (L) for B cell (B) and T cell (T) differentiation.
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Figure 2. Organization and composition of young and aged thymus
Top panels show sections of 3 (left) and 24 (right) month-old thymus tissues stained with
immunofluorescent antibodies to Ly51 for cTECs (green) and keratins 5 or 14 for mTECs
(red). The young adult thymus is characterized by a well-organized cortical-medullary
structure with clearly defined subcapsular (SC), cortical (C), medullary (M), and
corticomedullary junction (CMJ) zones. The involuted aged thymus demonstrates
intermingled cTECs and mTECs, loss of TECs expressing both cTEC and mTEC markers
(in yellow, double positive or “dp” TECs), and TEC-free regions. Illustrated diagrams depict
the general cellular composition and organization of the young and aged thymus. A key for
cell types is provided at the bottom left; the bottom right panel shows molecular and cellular
changes associated with the aged thymus. Other abbreviations: Dll4, delta-like 4; DN1-DP,
double negative 1-double positive cells; LPCs, lymphocyte progenitor cells; SP, single
positive cells
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