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Adults over 65 years of age are more vulnerable to infectious disease and show poor 
responses to vaccination relative to those under 50. A complex set of age-related 
changes in the immune system is believed to be largely responsible for these defects. 
These changes, collectively termed immune senescence, encompass alterations in both 
the innate and adaptive immune systems, in the microenvironments where immune cells 
develop or reside, and in soluble factors that guide immune homeostasis and function. 
While age-related changes in primary lymphoid organs (bone marrow, and, in particular, 
the thymus, which involutes in the first third of life) have been long appreciated, changes 
affecting aging secondary lymphoid organs, and, in particular, aging lymph nodes (LNs) 
have been less well characterized. Over the last 20 years, LN stromal cells have emerged 
as key players in maintaining LN morphology and immune homeostasis, as well as in 
coordinating immune responses to pathogens. Here, we review recent progress in 
understanding the contributions of LN stromal cells to immune senescence. We discuss 
approaches to understand the mechanisms behind the decline in LN stromal cells and 
conclude by considering potential strategies to rejuvenate aging LN stroma to improve 
immune homeostasis, immune responses, and vaccine efficacy in the elderly.
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inTRODUCTORY ReMARKS

Older adults exhibit a greater susceptibility to infection and reduced responses to vaccination 
relative to young adults, and infectious diseases remain among the leading causes of morbidity 
and mortality in the elderly (>65 years of age) (1). While multiple changes occur in the organism 
with aging, immune senescence is believed to be the key culprit for this susceptibility. Immune 
senescence affects both the innate and adaptive branches of the immune system, as well as the 
stromal microenvironments that affect T cell development and homeostasis (2–4). It has been 
well established that the thymus begins involution relatively early in life, becoming progressively 
smaller, more disorganized, and functionally inferior, with reduced naïve T cell output (5). The 

Abbreviations: BEC, blood endothelial cells; DC, dendritic cell; ECM, extracellular matrix; FDC, follicular dendritic cell; FRC, 
fibroblastic reticular cell; HEV, high endothelial venule; ILC, innate lymphoid cells; LEC, lymphatic endothelial cell; LN, lymph 
node; LTi, lymphoid tissue inducer; LTo, lymphoid tissue organizer; SCS, subcapsulary sinus.
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changes in output of naïve T cells from the aging thymus have 
long been associated with the numerical decline in naïve T cells 
in the periphery of aged animals, while memory T cells accumu-
late proportionally (4). However, memory cells do not increase 
in absolute numbers with aging unless persistent infection with 
cytomegalovirus is also present (6). Substantial research has 
dissected the changes that occur to both T  cell development 
with age (5) and to peripheral T cell homeostasis and function 
(2). However, less attention has been paid to the aging stromal 
environment that is expected to maintain these lymphocytes 
throughout the lifespan. Here, we discuss the series of changes 
that affect the aging lymph node (LN) architecture and function 
as a critical factor contributing to poor age-associated immune 
responses and propose new therapeutic targets to rejuvenate 
the aging immune system.

FUnCTiOn AnD ORGAniZATiOn OF Ln 
STROMA

The primary function of the LN is to coordinate immune 
responses to antigens trafficking from peripheral tissues. The 
non-hematopoietic stromal cell subsets provide the architecture 
and scaffolding necessary to guide cellular trafficking and com-
partmentalization, facilitate antigen presentation to circulating 
naïve T and B cells and thereby promote immune surveillance 
against infection. In addition, LN stromal cells are responsible 
for the production and presentation of chemokines that coordi-
nate this trafficking of lymphocytes into and throughout the LN 
(7, 8). LN stromal cells also provide a crucial microenvironment 
for immune homeostasis and lymphocyte maintenance via 
presentation of pro-survival cytokines such as IL-7 and IL-15 
to T cells (7, 8), and CXCL13 and B-cell activating factor of the 
TNF family (BAFF) to B cells (9).

Phenotypic Characteristics of Ln Stromal 
Cells
The stromal cells of the LN are a numerically small, CD45−TER119− 
population derived from endothelial and mesenchymal progeni-
tors, relative to hematopoietic-derived CD45+ or TER119+ cells, 
which make up the vast majority (>98%) of LN cells (10) (Ter119 
marks red blood cells). Within the stromal fraction, cell surface 
expression of podoplanin (PDPN, also known as gp38), CD31 
(PECAM-1), and CD35/CD21 (complement receptor 1 and 2) 
distinguish five major, functionally important subsets: fibroblas-
tic reticular cells (FRCs; gp38+CD31−CD35/CD21−), lymphatic 
endothelial cells (LECs; gp38+CD31+CD35/CD21−), blood 
endothelial cells (BECs; gp38−CD31+CD35/CD21−), follicular 
dendritic cells (FDCs; gp38±CD31−CD35/CD21+), and double/
triple negative (DN) cells (gp38−CD31−CD35/CD21−) (11, 12) 
(Figure 1; Table 1).

Functional Characteristics of Ln Stromal 
Subsets
The endothelial derived LECs and BECs help mediate transport 
of both circulating cells and tissue-derived antigens into and out 
of the LNs. Entry into the lymphatics from the tissues occurs 

through lymphatic collectors and vessels lined with LECs (17). 
LECs also line sinuses in the LNs delivering antigen from the tis-
sues and providing a route for cells to travel to the next LN (18). 
In general, BECs line blood vessels. A specialized BEC subset, 
called HEVs facilitates entry of circulating lymphocytes into the 
LN via a multistep adhesion and extravasation process utilizing 
chemokines, selectins, addressin and integrins (18).

Mesenchymal cells create the reticular network within the 
LN and are critical for the maintenance of its architecture; FRCs, 
FDCs, and DN stromal cells partake in this task. FRCs are a 
specialized type of reticular fibroblast that create a large propor-
tion of the stromal network within the LN (19). FRCs ensheath 
bundles of collagen fibers to create conduits for the transport 
of small molecules, including antigens/antigen complexes and 
provide a transport system that guides DC and T cell movement 
(20). FDCs are also specialized reticular fibroblasts (9) that 
secrete CXCL13, guiding B  cells, and follicular helper T  cells 
into the germinal center (GC) to facilitate high-affinity antibody 
production (21). While the function of DN/TN cells is largely 
unknown, gene profiling studies suggest that some of these cells 
may be mesenchymal progenitors, consistent with their position-
ing as pericytes (20, 22). Pericytes within the double negative 
fraction may also help regulate blood vessel integrity, as well as 
permeability within the LN (22).

Hematopoietic Cells Facilitate Ln Stroma 
Maintenance
Lymph node stromal cells have close bidirectional relationships 
with hematopoietic cells, each contributing to the homeostasis of 
the other (23). Innate lymphoid cells (ILC) are a broad category 
of cells that develop from common lymphocyte progenitors but 
do not have rearranged antigen receptors (24). ILC include lym-
phoid tissue inducers (LTi), which are a sub-group of ILC group 
3 cells (25). During LN development, LTi are an important source 
of lymphotoxin beta (LTβ), which combines with lymphotoxin 
alpha to make the heterotrimer LTα1β2 (25, 26). This heterotrimer 
can signal mesenchymal stem cells through the LTβ receptor 
(LTβR) to differentiate into lymphoid tissue organizers, which 
are critical in inducing proper development and architecture 
formation of other stromal cells, particularly FRC. Although LTi 
were originally recognized for their role in LN developmental, 
they are present in the adult LN and appear to also mediate adult 
tissue regeneration (24). LTi help induce regeneration of FRC 
networks in the spleen and LN following lymphocytic chori-
omeningitis virus infection (27). It should be noted that while 
LTi are an important source of LT, other lymphocytes including 
T, B, and NK cells also secrete LT and contribute to LT availability 
in the LN (28). Therefore, it is possible, and indeed likely, that 
naïve T and/or B cells contribute to the health and maintenance 
of FRC and other stromal cells, which, in turn, provide trophic 
factors for naïve lymphocyte survival and maintenance.

Other signals from hematopoietic populations in the LN 
influence the structure, function, repair, and regeneration of 
LN stroma. C-type lectin receptor 2 (CLEC-2) is expressed 
by megakaryocytes, platelets, neutrophils, DCs, and NK cells  
(12, 29). CLEC-2 serves as a ligand for PDPN expressed on 
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FiGURe 1 | Lymph node (LN) stroma elements and their changes with aging. Upper left box: lymphatic vessels (LVs) are lined with lymphatic endothelial cells 
(LECs). These vessels transport antigens and cells from peripheral tissues to draining LNs. LECs also produce sphingosine-1-phosphate (S1P) that forms a 
chemotactic gradient for migration of T cells into efferent lymphatics. Migratory dendritic cells (DCs) enter LN via LVs and into subcapsulary sinuses (SCSs) before 
entering the LN parenchyma. As antigens drain into the SCS, which are also lined with LECs, SCS macrophages pick up antigen and transfer it to follicular dendritic 
cells (FDCs). Upper right box: FDCs present immune complexes to B cells to enhance high-affinity antibody formation. Lower left box: blood endothelial cells (BECs) 
line blood vessels that transport blood borne cells into LN. High endothelial venules (HEVs) are specialized BECs with cuboidal morphology, T cell diapedesis across 
HEVs to enter the LN parenchyma. Lower right box: after entering the LNs naïve T cells from the blood stream crawl along fibroblastic reticular cells (FRCs) that form 
the reticular network in search of DCs bearing cognate peptide–MHC and costimulation to become activated. FRCs also have critical roles in the maintenance  
of naïve T cells through the production chemokines and IL-7. Age-related changes: with age, LVs become leaky and less capable of facilitating movement between 
of cells and antigens between the peripheral tissues and the LN to coordinate immune response. HEVs have altered morphology with age, and T cells have difficulty 
moving across HEVs with increased age. FRCs exhibit numerical reduction as well as disorganization of reticular networks with aging. This is likely to impair naïve 
T cell homeostasis, as well as movement of T cells within the LN and may impact the ability of aged LN to generate productive T cell responses. FDC areas are also 
reduced with age. Changes to FDCs may contribute to poor affinity of antibody responses that are observed with increased age.
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stromal cells and triggers the relaxation of FRC networks (30), 
which in turn impacts how many antigen specific T cells can be 
recruited into the LN to respond (31). FRC lines isolated from 
LN are dependent on lymphocytes for production of ER-TR7 
[which identifies the extracellular matrix (ECM) produced by 
FRC, but the antigen has not been identified]; reticular networks 
fail to form in the absence of this interaction in vitro (7, 23). 
Therefore, a picture is emerging of intense cross talk between 
hematopoietic and stromal cells, critical to the homeostasis 
and function of both compartments in the LN, although many 
mechanistic details still remain to be defined.

FUnCTiOnAL COnSeQUenCeS OF  
AGe-ReLATeD CHAnGeS TO Ln 
STROMAL CeLLS

Stromal Cells in Aged Ln
While the contribution of LN stromal cells to both immune 
homeostasis and function is evident, age-related changes affect-
ing stromal cells have been under investigated (32). Therefore, 
age-related dysfunction and/or disorganization of LN stromal 

cells may be an underappreciated contributor to immune senes-
cence. Several groups have described chronic and progressive 
changes that occur in LN with age (33–35). In general, with 
aging, LN in both mouse and man become smaller and less 
cellular (33). Similar to thymic involution, histological studies 
of LN highlight that the organization is less distinct (especially 
between T and B cell areas) (13, 14), with an accumulation of 
adipocytes (33) and signs of fibrosis (34). Similar disorganiza-
tion between T and B cell areas occurs in the aging spleen (36). 
It should be noted that not all LNs undergo the same age-related 
changes; skin-draining LNs are more affected than mucosal LN 
(33). Below, we discuss key defects in aging LN stroma that have 
been identified to date.

TRAnSPORT in AnD OUT OF Ln

Lvs and LeCs
Afferent LV function as conduits for trafficking of both antigens 
and immune cells. DCs that have captured antigen in tissues 
move via LVs from peripheral tissues into draining LN (16). 
Imaging studies demonstrated that aged mice show a dimin-
ished capacity to transport bacteria (Cryptococcus neoformans, 
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TAbLe 1 | Age-related changes to lymph node (LN) stromal cell populations.

Cell type Markers Known functions Changes with age

Fibroblastic 
reticular cells 
(FRCs)

gp38+, CD31−, 
CD35/CD21, CD45−, 
Ter119−

ER-TR7+ in histology

•	Help form conduits and reticular network
•	Regulate naïve T homeostasis
•	Regulate naïve T cell movement
•	 Secrete CCL19, CCL21, and CXCL12
•	 IL-7 presentation

•	Becklund et al. found that FRCs are decreased in aging LN in 
homeostasis (13), while Turner and Mabbott found that FRC 
numbers are unchanged (14)

•	 FRC structure altered (13)

Follicular dendritic 
cells (FDCs)

CD35/CD21+, 
gp38+/−, CD31−, 
CD45−, Ter119−

•	Make reticular network for B cells
•	 FDC secrete CXCL13
•	 Support production of high-affinity antibodies
•	Capture immune complex

•	 FDC area decreased in aged mice (14)
•	 Less CXCL13 produced in aged mice (protein) (14)
•	More CXCL13 expressed in aged mice by qPCR (13)
•	 Less CXCL13 produced in response to infection in aged  

mice (15)

Double negative 
stromal cells (DN)

gp38−, CD31−, 
CD35−, CD45−, 
Ter119−

•	 Thought to be FRC like pericytes
•	 Function of these cells is mostly unknown

•	Decreased in number in aged mice (14)

Blood endothelial 
cells (BECs)

gp38−, CD31+, 
CD35−, CD45−, 
Ter119−

•	BECs construct cortical blood vessels and capillaries, 
including high endothelial venules (HEVs)

•	Unchanged between old and adult mice (14)

HEVs These are a  
type of BEC
PNAd+ in histology

•	Main route of entry for lymphocytes
•	HEVs have cuboidal morphology

•	 Impaired T cell diapedesis at aged HEV (13, 15)
•	HEVs reported as more dense and compressed in  

aged LN (13)

Lymphatic 
endothelial  
cells (LECs)

gp38+, CD31+, 
CD35−, CD45−, 
Ter119−

LYVE-1+ in histology

•	 Transport antigens and lymph from peripheral tissues 
to LN.

•	Connection between LN
•	Help create sphingosine-1-phosphate gradient  

across LN

•	No change in LECs (14).

Lymphatic vessels 
(LVs)

LYVE-1+ •	 Transport antigens, immune cells, and lymph from 
peripheral tissues to LN

•	 LV showed a 20% decrease in contraction amplitude and  
a 70% decrease in contraction frequency (16)

•	 LV leakiness and impaired pathogen clearance in aged mice 
between footpad and popliteal LN (16)
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Mycobacterium smegmatis, and Staphylococcus aureus) from 
peripheral tissues into the draining LN, as seen by bacteria leak-
ing out of lymphatics and into the surrounding tissue (16). This 
was due to both increased LV permeability (an LEC defect) and 
reduced contractility of the musculature that surrounds the LVs 
(16). Using paraquat to induce oxidative stress to LECs in a tran-
swell system, the same study found increased LEC permeability 
to FITC–dextran (16). The authors proposed that the impaired 
in  vivo bacterial transport was caused by increased oxidative 
stress to LECs (16).

Within the LN, the lymph enters through afferent lymphat-
ics into subcapsulary sinus (SCS) lined with LECs and SCS 
macrophages (SCSM) (18). LECs provide routes in and out of 
the LN while the SCSM trap pathogens, antigen, and immune 
complex as they come into the LN (14, 37). Thus, the SCSM 
network, positioned at the entry of afferent lymphatics, acts to 
reduce pathogen dissemination and to increase the chance that 
antigen-presenting cells will come into contact with the rare 
T cell that might recognize them (37). SCSM additionally transfer 
incoming immune complexes to non-cognate B cells, which then 
transfer the complexes to FDCs (38). FDCs shuttle these antigens 
into non-degradative endosomal compartments, allowing long-
term retention and presentation of the antigens (38). Turner and 
Mabbott showed that aged mice exhibit a significant increase 
in SCSM as a fraction of hematopoietic cells (14). Despite this 
increase in SCSM, the FDCs in aged mice fail to retain immune 
complexes (14). Further research is needed to address whether 

in old mice this increased SCSM population fails to efficiently 
capture/handoff antigen to FDCs, or whether these antigens are 
being shuttled into degradative endosomes, rather than the usual 
non-degradative endosomes that allows immune complexes to be 
retained by FDCs.

beCs and Hevs
Circulating naïve B and T cells enter the LN through HEVs, 
which are a specialized subtype of BEC (18). HEVs have 
a cuboidal shape and a polarized expression of adhesion 
molecules so that circulating cells in the blood can anchor to 
the HEVs and extravasate into the LN (39). BECs (including 
HEVs) appear to be unchanged numerically in aged mice 
(14); however, aged HEVs appear to have a more dense and 
compressed morphology (13). There is some evidence that 
aged BECs show changes similar to that of the aging vascular 
system, including increased permeability, inflammation, and 
number of senescent endothelial cells (32, 40). Moreover, aged 
HEVs may poorly facilitate lymphocyte entry into the aged 
LN, based on experiments showing pronounced defects in 
recruiting adoptively transferred adult naïve T  cells into old 
LN (13, 15).

CeLLS OF THe ReTiCULAR neTwORK

The reticular network provides the structure and architecture 
of the LN (23). The reticular network is composed of reticular 
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fibers, ECM, and mesenchymal lineage cells such as FRCs 
and FDCs. Collectively, the reticular network creates specific 
microanatomical sites within the LNs that support and coor-
dinate immune cells through the production of cytokines and 
chemokines (41).

Fibroblastic Reticular Cells
Fibroblastic reticular cells are a category of cells representing at 
least five different populations (10). FRCs are uniquely impor-
tant in both organizing the T cell zone within the LN and in 
maintaining naïve T  cell viability and function. The conduits 
formed by FRCs extend across the T cell zone from the SCS to 
the HEVs and construct the reticular network of the LN (37). 
FRCs are specialized myofibroblast (10) that, like other myofi-
broblasts, express α-smooth muscle actin (7). Unlike other 
myofibroblasts, FRCs ensheath ECM-like collagen bundles, 
whereas fibroblasts in connective tissues are embedded within 
the ECM (23). Also, FRCs have higher expression of genes 
involved in cytokine signaling, as well as genes involved in 
antigen presentation pathways (42). FRCs can directly present 
antigens to promote either T cell activation or T cell peripheral 
tolerance (37). FRC expression of chemokines CCL21 and 
CCL19 controls T cell motility. It has been proposed that CCL21 
interacts in a unique manner with glycosaminoglycans on FRCs 
to facilitate T  cell movements (37). Specifically, CCL21 has a 
32 amino acid long C-terminal tail containing 12 basic amino 
acid residues. This allows it to bind to glycosaminoglycans and 
other molecules like PDPN, a proteoglycan expressed by LECs 
and FRCs (43).

Naïve T cells decline in number with age (2). This has been 
primarily attributed to age-related thymic involution and the 
consequent decline in new naïve T  cells produced. However, 
naïve T cells can have a long lifespan if provided the appropriate 
survival signals (7, 44). Link et al. demonstrated that FRCs play a 
key role in naïve T cell survival via production and presentation 
of IL-7 and CCL19 (7). Genetic knockout or antibody-mediated 
depletion of IL-7 results in a gradual loss of peripheral naïve 
T cells, whereas IL-7 transgenic mice exhibit a larger naïve T cell 
pool (45). Bajénoff et al. used intravital microscopy to show that 
T  cells enter the LN via HEVs, then use FRCs to crawl to the 
LN parenchyma (19). When FRCs are depleted [e.g., in CCL19-
diphteria-toxin (CCL19-DTR) mice], the total cellularity of the 
LN declines, with a significant loss of T cells beginning 24 h after 
FRC depletion (46).

Becklund et al. extended these findings testing whether LN in 
old mice can support adult T cell homeostasis. Both naïve TCR- 
transgenic and polyclonal populations from adult donors failed 
to survive, and proliferated less in old LN compared to adult LN 
after transfer (13). Further, old LN exhibited reduced numbers 
of FRCs, and their reticular network appeared less reticular and 
more condensed than in adults (13). Despite possessing normal 
levels of IL-7 mRNA in LN and IL-7 protein in circulation in 
old individuals, naïve T cells parked in old hosts exhibited lower 
levels of phosphorylated signal transducer and activator of 
transcription 5, a signaling molecule downstream of IL-7R (13). 
The discrepancy between the levels of IL-7 and the homeostatic 
signals received by naïve T cells suggested that IL-7 presentation 

by FRCs is altered in aged microenvironments. Mechanistic 
understanding of the naïve T cell maintenance programs across 
aging and across species (47) will be exceptionally important to 
immune rejuvenation strategies.

In addition to these problems of homeostatic maintenance, 
aged FRCs likely also contribute to the compromised immune 
responses to infection. An adult LN can expand up to 10-fold 
during an infection (48). Old LNs expand modestly, but never 
reach the cellularity seen during an adult immune response 
(15, 49). During infection, chemokines and cytokines are 
transported through FRC networks to HEVs where they are 
transcytosed and displayed on the luminal side of HEVs to 
recruit naïve T  cells (50). Antigen-bearing DCs crawl first 
through LV into LN through afferent lymphatics, then along 
FRCs in search of their cognate T  cell. Loss of LN organiza-
tion and boundaries between B and T cell zones make the host 
more susceptible to infection (50). Depletion of FRC in adult 
CCR19-DTR mice resulted in reduced responses to replication 
incompetent influenza A or to a coronavirus-based vector, likely 
due to the reduction in chemokines reaching HEVs to recruit 
lymphocytes into the LN, and/or a reduction in coordination 
of immune cells within the LN (46). Somewhat unexpectedly, 
FRC depletion also had a profound negative impact on both 
B  cell homeostasis (reduced B  cell follicle size and disrupted 
T/B boundary), and decreased T-dependent and T-independent 
antibody responses.

Fibroblastic reticular cells are also a key source of collagen in 
the LN. Appropriate thickness and abundance of collagen, which 
is essential as part of the ECM, is an important physiological 
parameter of organ architecture and function (51). Increased 
thickness and abundance of collagen fibers, termed fibrosis, is a 
frequent change to many organs during aging and is associated 
with impaired function (52). Wound-healing cytokines, domi-
nantly TGFβ and type 2 cytokines like IL-13 (53), induce fibrosis 
in LN and other organs and are also known to be increased with 
aging (52, 54). This process is believed to operate via FRC in some 
pathogenic conditions (55, 56) and is likely to also occur in the 
same manner during aging.

Follicular Dendritic Cells
Follicular dendritic cells are specialized cells of mesenchymal 
origin (10, 57), named for their long cytoplasmic “dendritic” 
processes and are unrelated to classical hematopoietic DC  
(58, 59). The role of FDCs during homeostasis is less clear, but 
during infection FDCs support B  cell movement and proper 
localization to GCs by producing CXCL13, as well as B-cell 
activating factor of the TNF family (BAFF) and a proliferation-
inducing ligand (50). FDCs additionally help generate high-
affinity antibody responses (10) by allowing prolonged antigen 
presentation to B cells undergoing somatic hypermutation (38).

Defects in FRCs and FDCs are a potential factor underlying 
poor humoral immunity in the elderly. Antibody responses are of 
lower affinity and impaired function compared to young adults 
(60). For example, during chikungunya virus infection, high 
antibody titers are found in old mice, but they show poor neu-
tralizing function compared to adults (49). Further, aging results 
in fewer B cells within the LN (49), and B cell localization is less 
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defined (13, 14). GC formation is reduced in the LN of aged mice 
infected with West Nile virus relative to adult controls (15). GC 
size has also been reported to decline with age in humans (33). 
FDCs are responsible for coordinating these events but have a 
decreased area in LN of aged mice compared to their adult coun-
terparts (14), and less CXCL13 protein is produced in response 
to infection and in homeostasis (14, 15). Turner and Mabbott 
also found that immune complexes were retained less by aged 
FDCs (14). This loss of antigen may suggest that a degradative 
endocytic pathway is being used by aged FDCs, although this has 
not been directly demonstrated. These observations are consist-
ent with the idea that age-associated impairments in FDCs (14) 
are a contributing factor to poor antigen retention, impaired 
GC formation, and decline in the production of high-affinity, 
functionally neutralizing antibodies.

MeCHAniSMS beHinD Ln invOLUTiOn 
AnD ReJUvenATiOn

Understanding the Mechanisms behind  
Ln involution
As mentioned above, the mechanisms driving LN changes with 
aging remain incompletely understood. Heterochronic parabio-
sis, the surgical joining of two organisms of different ages (adult 
and old) (3, 61), can be a powerful tool to discern cell-intrinsic 
vs. to cell-extrinsic (environmental) defects that occur with age 
(3). Both pro-geronic (62) and anti-geronic (63) factors have been 
identified using this technique. Using heterochronic parabiosis, 
we found a surprisingly marked loss of naïve T cell maintenance 
in the LN of the adult parabiont, with numbers reduced to that in 
the old parabiont (64). After surgical separation of the parabiosed 
adult and old mice, the adult LN returned to normal, while the old 
remained hypocellular. While joined, the frequencies and num-
bers of stromal subsets in the adult parabiont were similar to the 
old parabiont than to those in isochronic parabiosis (adult–adult 
pairs). Together, these results suggest that a circulating soluble 
or cellular factor, present in the old parabiont, can influence the 
structure and cellularity of the adult LN in trans. Research is in 
progress to test this hypothesis.

Possible Molecular Targets to Rejuvenate 
Aging Ln
Based on the observed defects, discussed above, one can 
hypothesize about candidate molecular pathways responsible for 
LN defects. One attractive target is LT signaling. The receptor 
for LTβ (LTβR) is expressed on LECs, HEVs, FRCs, and FDCs  
(28, 39). The bidirectional relationship between T  cells and 
FRCs in homeostasis is critical for both populations of cells (23). 
Known producers of LT, such as DCs, B cells, and T cells (37) are 
less abundant in the aged LN (15, 49). When LTβ is conditionally 
depleted in young mice, there is a decline in LN organization and 
impaired induction of antiviral immune responses (37), similar 
to that described in aged LN (14, 15).

Approaches that limit fibrosis should also be considered. 
Regardless of tissue type, aging is the biggest risk factor for 
fibrosis (52), including in skin-draining LN in humans (34, 35). 
Serum levels of transforming growth factor-beta (TGF-β) are 
increased with aging in both mice and humans (65) and may 
be related to the age-associated increases in T-regulatory cells 
(10, 53, 66). Within the LN, fibrosis has been most studied in 
the context of simian immunodeficiency virus (SIV) in non-
human primates (55). Increased levels of TGF-β, pSMAD2,3 
signaling, and increased levels of fibrosis were found in LN of 
SIV-infected animals, where immune reconstitution is limited 
after antiretroviral therapy (55). As SIV infection proceeds, 
naïve T  cells in fibrotic regions undergo apoptosis (10, 67). 
Administration of the anti-fibrotic drug pirfenidone to reverse 
fibrosis restored naïve CD4+ T cell populations in SIV-infected 
monkeys in combination with antiretroviral therapy (55). Along 
these lines, we have observed increased fibrosis in aged mouse 
LN compared to adults. Understanding the interactions between 
FRCs and lymphocytes, and how fibrosis may impact these com-
munications could have important therapeutic potential (10).

COnCLUSiOn

Age-related changes to LN stroma are emerging as an important 
area of research. Full understanding of these changes will likely 
be critical to understand, and, perhaps, correct age-related dis-
organization of T  cell homeostasis and immune function. LN 
stroma is critical for naïve T cell homeostasis, providing both 
chemokine gradients for effective trafficking into the LN, and 
survival signals to the naïve T cell upon arrival (7, 13). Further, 
stromal cells control influx of antigen, and there is initial 
evidence that this process may be adversely affected by aging 
LN (15, 16). Within the LN, FRCs (13) and FDCs (14), both 
decline numerically and exhibit disorganized network forma-
tion, with a potential to impair interactions with T and B cells. 
A key challenge in front of us is to (1) understand how aging 
alters the structure and function of each of the stromal cellular 
components and their interaction and (2) dissect the functional 
consequences of such changes for protective immunity. The 
ultimate goal should be to manipulate and restore stromal cell 
function in response to vaccination or infection and thus pro-
vide new targets to improve immunity in the elderly.
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