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Abstract

Aging is characterized by progressive loss of organ and tissue function, and the immune system is 

no exception to that inevitable principle. Of all the age-related changes in the body, reduction of 

the size of, and naïve T (Tn) cell output from, the thymus occurs earliest, being prominent already 

before or by the time of puberty. Therefore, to preserve immunity against new infections, over 

much of their lives, vertebrates dominantly rely on peripheral maintenance of the Tn cell pool in 

the secondary lymphoid organs (SLO). However, SLO structure and function subsequently also 

deteriorate with aging. Several recent studies have made a convincing case that this deterioration is 

of major importance to the erosion of protective immunity in the last third of life. Specifically, the 

SLO were found to accumulate multiple degenerative changes with aging. Importantly, the results 

from adoptive transfer and parabiosis studies teach us that the old microenvironment is the limiting 

factor for protective immunity in old mice. In this review, we discuss the extent, mechanisms, and 

potential role of stromal cell aging in the age-related alteration of T cell homeostatic maintenance 

and immune function decline. We use that discussion to frame the potential strategies to correct 

the SLO stromal aging defects - in the context of other immune rejuvenation approaches, - to 

improve functional immune responses and protective immunity in older adults.
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1. Introduction.

Immune defenses decline in the last third of life, resulting in a pronounced susceptibility 

of older adults to infectious diseases [1]. This susceptibility is most evident in the case of 

infections mediated by new, previously unencountered, microbial pathogens, where there 

is generally a log-linear accumulation of mortality and morbidity by age. For example, 

compared to the population between 18–39 years of age, morbidity and mortality from 

epidemics or pandemics caused by viruses such as West Nile virus (WNV), chikungunya 

(CHIKV), severe acute respiratory syndrome (SARS), and SARS-CoV-2 increases up to 

tenfold in those >50 years of age [2–5], increasing steeply thereafter. Indeed, in the case 

of SARS-CoV-2, people older than 80 died at 270–300-fold higher rates compared to those 

between 18 and 39 years of age [6]. While the changes affecting other organ systems may 

have contributed to such age-related predisposition, the primary reason for this vulnerability 

is recognized to be the aging of the immune system, often also called immunosenescence 

[7]. Successful immune defense against new intracellular infections (viruses, intracellular 

bacteria, and intracellular parasites) requires that naïve T (Tn) lymphocytes, specific for the 

invading microbe, are present in sufficient numbers and are activated in a timely manner to 

robustly proliferate and differentiate into anti-pathogen effector cells that will directly attack 

infected cells and/or inhibit microbe’s multiplication to curtail and eradicate the infection. 

Other Tn cells similarly must divide and differentiate to help B cells make strong antibody 

(Ab) responses.

Within the immune system, many components must act in concert to ensure immune 

defense, and most, if not all, have been shown to be affected by aging [7–9]. One of the 

main challenges for the field has been to identify key and proximal changes occurring with 

immune aging and to discern which of them may provide promising targets and avenues for 

intervention to delay immune aging and ameliorate immune function in older adults. In that 

regard, aging of the immune system first affects the T cell lineage, beginning exceptionally 

early with clear signs of thymic involution well before puberty [10]. This results in the 

reduction of new Tn cell production to 10% by puberty [11] and to ~1% by the age of 50 

[12] relative to thymic output in childhood. As the production declines rapidly, maintenance 

of existing Tn cells produced in youth becomes a primary mechanism that preserves the 

numbers of these cells [13, 14]. Such “peripheral” maintenance (denoting the fact that it 

does not happen in the thymus or bone marrow, which are considered primary, or “central” 

lymphoid organs) occurs in the secondary lymphoid organs (SLO), most notably in the 

lymph nodes (LN), and depends on LN stromal cells [15–17]. However, in the last third of 

life, peripheral maintenance of Tn cells begins to shows signs of age-related deterioration, 

leading to an absolute loss of two-thirds or more of Tn cells in blood and SLO [18–22]. 

Molecular and cellular drivers of this deterioration remain incompletely understood.

Important questions concerning the loss of protective immunity in older adults include 

understanding not only the drivers of each facet of the aging process but more importantly 

whether and how deeply each component of the immune system is affected by aging. It 

has been long thought that T cells lose proliferative and effector ability with aging [23, 

24]. Many of the experiments giving support to that view did not separate naïve from 

memory cells. As a consequence, their readouts simply reflected unequal representations of 
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highly proliferative Tn cells (higher numbers in young and much lower in old) relative to 

terminally differentiated, and poorly- or non-proliferating, effector memory cells (including 

the human, effector memory cells reexpressing CD45RA, a.k.a. Temra, cells). More recent 

rigorous experiments from our group showed that on a cell-by-cell basis, highly purified 

CD8 Tn cells from old mice exhibit no discernible proliferation and effector differentiation 

defects when transferred into, and activated in, adult recipients [25]. Conversely, adult Tn 

cells responded poorly to infection when transferred into old recipients [25]. Major defects 

were observed when pathogen detection, uptake, and generation of the initial inflammatory 

response were assessed in the old environment [8, 25–27], and most of the depressed 

CD8 Tn cell response could be corrected in old mice by providing exogenous IL-12 and 

IL-18 [25]. This paralleled the prior findings from Swain, Haynes, and colleagues showing 

improvement of CD4 Tn priming in old mice in the presence of proinflammatory adjuvants 

or recombinant IL-2 and IL-4 [28, 29].

The corollary of the above results is that while Tn numbers are depressed, their function 

remains fairly strong, implying that, beyond the defects of Tn generation and maintenance, 

the defects in function largely lie outside of Tn cells themselves. We want to stress that 

we do not imply that there are no age-related defects in Tn cells themselves at all, but 

rather point to the fact that in well-controlled experimental models, such defects appear mild 

and are functionally dwarfed by the defects in the Tn cell environment. To that effect, this 

review deals with Tn cell-extrinsic changes with aging, that affect the environment in which 

Tn cells operate, and that provide critical signals to coordinate Tn cell maintenance and 

their initial immune responses. In that regard, parallels exist between stromal age-related 

changes found in primary (thymus, bone marrow) and secondary (LN, spleen) lymphoid 

organs, although thymic and LN stroma are made of different types of cells (epithelium in 

the thymus, mesenchymal cells in the LN). We will also examine the age-related changes 

in soluble factors that guide Tn cell maintenance, migration, and activation and will finally 

discuss potential modes of intervention to improve Tn cell maintenance and function with 

aging.

2. Impact of thymic involution on protective immunity against infections.

2.1 Age-related thymic involution.

As mentioned, thymic involution, characterized by a gradual decline in thymic cellularity 

and size, is the earliest characteristic of age-related immunosenescence, conserved in a wide 

variety of vertebrate animals, including humans, non-human primates, and mice. Thymic 

involution starts somewhere between 4–6 weeks in mice, and as early as 1 year in humans 

and continues at a much faster rate (approximately 3% loss in size per year) until midlife 

before it slows down to 1% loss per year [30]. Structurally and morphologically there 

is a loss of thymic stromal cells, particularly of cortical and medullary thymic epithelial 

cells (cTEC and mTEC, respectively), and concomitant accumulation and expansion of 

fibroblasts, senescent cells, adipocytes, and perivascular space [31]. Both mTEC and cTEC 

experience downregulation of genes associated with epithelial specification (including 

FoxN1, the master specification factor for thymic epithelia) and cellular growth and 

proliferation. Concomitant upregulation of genes encoding pro-inflammatory mediators also 
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occurs at the time corresponding to the onset of thymic involution [32]. Thymus-seeding 

precursors derived from hematopoietic stem cells seed equally in thymi of young adult and 

old mice [33], and the niches available to accept early T-lineage progenitors (ETPs) seem 

to be equally available in the adult and old environment [34]. However, microenvironmental 

issues accumulate with aging. The loss of thymic stromal structure integrity, as evident 

from diffused cortico-medullary regions, and dysfunctional cTEC and mTEC likely underlie 

aberrant thymocyte development, maturation, and selection during thymus involution. At the 

output level, thymic involution manifests in a decline in recent thymic emigrants (RTEs), 

which are post-thymic, relatively, but not completely, mature CD4+ or CD8+ single-positive 

T cells exported out of the thymus [35, 36]. RTE seed secondary lymphoid organs and 

further undergo maturation to become fully functional Tn cells [36]. As a result, a decline 

in thymic export of RTE leads to a decline in the Tn cell pool [7, 14]. Along these 

lines, a recent mathematical model that integrates immunology and epidemiology data 

suggested that the diminution of the Tn cell pool is a major risk factor for an increased 

incidence of infectious diseases and cancer in the elderly [37]. Fortunately, the thymus 

itself has considerable regenerative potential, and it is this capability that provides thymus 

the privilege to rejuvenate itself after various insults. However, the endogenous thymic 

regenerative mechanisms also begin to diminish in adulthood and further deteriorate as we 

age. Reinitiating thymic production of Tn cells has been considered a potentially promising 

strategy to restore the Tn cell pool [31].

2.2 Thymic rejuvenation strategies and protective immunity.

Over the past decades, several damage-and-regeneration pathways have been investigated 

for the potential to improve thymic function in different experimental and clinical settings, 

and some have shown thymic rejuvenation efficacy [31]. The rising levels of sex steroid 

hormones, such as testosterone and estrogen, correlate well with the timeline of thymic 

involution at puberty, and their physical (castration) or pharmacological ablation, also called 

sex steroid blockade (SSB) has long been known to cause transient thymic regrowth in 

rodents, non-human primates, and humans ([38], and references therein). The SSB has been 

shown to successfully induce thymic recovery, either after radiation or chemotherapeutic 

damage, hematopoietic stem cell transplantation (HSCT) or to curtail age-related thymic 

involution [39–41]. It is important to note, however, that sex steroids themselves are not the 

cause of thymic involution, as elegantly shown using androgen receptor knockout animals 

[42], in which thymic involution nonetheless readily occurs. The exact mechanisms by 

which SSB transiently regenerates thymic Tn cell production remain unclear. In old mice, 

SSB restores thymic weight, cellularity, maturation into CD4 or CD8 single-positive (SP) T 

cells, and export of RTEs to the levels seen in young adult mice. Sutherland et. al. showed 

that castration in 18 months-old male mice leads to the generation of cytotoxic T cells (CTL) 

with superior in vitro cytolytic function against Herpes Simplex Virus (HSV)-1-infected 

cells [38]. Another study from the same group has demonstrated that surgical SSB in mid-

age (9 months) and old (18–24 months) mice improved numbers of Tn cells and influenza A 

virus (IAV)-antigen-specific CTL in the spleen, and lead to enhanced IAV clearance. These 

mice showed no improvement in the ratio of naïve to memory T cells or in the numbers of 

antigen-specific CTL, making the mechanism of this improvement less clear [43].
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Exogenous administration of the human growth hormone (HGH) and insulin-like growth 

factor-1 (IGF-1) have shown beneficial effects on thymic rejuvenation and peripheral T cell 

diversity in old mice receiving allogeneic bone marrow transplants [44, 45]. A randomized 

controlled trial has shown that GH administration improved thymic mass and restored 

peripheral naive and total CD4+ T cell pool in HIV-1 infected individuals [46].

Keratinocyte growth factor (KGF), a member of the fibroblast growth factor family, has 

been shown to have a key role in postnatal thymic regeneration in mice and non-human 

primates, especially following radiation- or chemotherapy-induced immunosuppression 

prior to bone marrow transplantation [47, 48]. KGF’s ability to improve thymic function 

and T cell output is mainly attributed to its role in promoting TECs survival and 

proliferation through induction of bone morphogenetic protein (BMP) 2, BMP4, Wnt5b, 

and Wnt10b [49]. Although studies in mice, non-human primates, and humans have 

demonstrated the beneficial role of KGF in promoting thymopoiesis and peripheral T 

cell reconstitution in recipients of allogeneic HSCT [48, 50], KGF did not reduce the 

incidence of cytomegalovirus (CMV) reactivation or fungal infection [51], and treatment in 

non-human primate resulted in poor antibody responses against tetanus toxoid vaccination 

[52]. Therefore, whether KGF-mediated improvement in thymic T cell output is capable of 

providing protective immunity against infection remains to be conclusively demonstrated.

Various genetic mouse models have been developed to improve the size and cellularity 

of the thymus. Some examples of strategies to generate these models include: mitochondria-

targeted catalase in mCAT mice [53], MYC expression in the TEC, either constitutive 

(FoxN1MycTg mice) or inducible (K5-CreERT2 x flox-stop-flox-MYC mice) [32]; and 

cyclin D1 expression in TEC and keratinocytes (K5.D1Tg mice) [54]. These transgenic 

models typically resulted in enlargement of the thymus and improvement in thymic output, 

although the extent to which this improved thymic function effectively boosts functional 

immunity against infections and vaccinations is still being investigated. However, potential 

issues associated with these models include spontaneous hyperplasia, outright carcinoma 

development, and impaired central tolerance [55–57], which tend to complicate both the 

interpretation and the applicability of results.

Exciting discoveries have been made recently on the mechanisms of thymic endogenous 

regeneration in response to irradiation that operate via the damage-associated molecular 

pattern (DAMP) axis, and include both the Zn++ and ATP-mediated pathways [58, 59]. 

Whether such mechanisms remain active in an older thymus and whether they may be able 

to improve protective immunity in older organisms remains to be established.

Recently, our group directly examined whether some strategies that induce thymic 

regeneration confer protective immunity to the host against intracellular pathogens. In this 

study, we used two pharmacologic interventional strategies: (i) SSB in old mice using 

degarelix, an antagonist of the luteinizing hormone-releasing hormone receptor, and (ii) 

administration of KGF, to rejuvenate thymus in old mice and non-human primates. Both 

degarelix- and KGF-treated old mice exhibited robust thymic regeneration, as judged by the 

increase in thymic size, mass, total cellularity, double-positive thymocytes, and improved 

export of RTE in the blood [21]. Despite the successful thymic rejuvenation, degarelix-
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treated old mice failed to show improvement in survival upon challenge with West Nile 

virus (WNV) infection, and these mice did not show improvement in the WNV-specific 

CTL or antibody response [21]. Similarly, KGF treatment of old mice and rhesus macaques 

failed to improve the numbers of CD8+ or CD4+ Tn cells in the blood; or in mice to 

improve immune responses against Listeria monocytogenes. Using Rag2-pGFP reporter 

mice, in which RTE are marked with GFP to track thymic export [60], we demonstrated 

that degarelix-mediated thymic rejuvenation in old mice did improve the numbers of GFP+ 

RTE, however, it did not improve the ability of SLO to accept and retain incoming newly 

generated T cells or naive T cells [21]. This phenomenon was more evident in LN than in 

the spleen [21]. This study further highlighted the presence of potential fibrotic changes in 

old LN as a result of age-related accumulation of excessive collagen [21]. The excessive 

collagen implies a higher structural stiffness and loss of structural integrity [61], collectively 

capable of hampering the critical intercellular communication in the old pLN. This raises the 

possibility that, regardless of the influx of new Tn cells from the rejuvenated thymus, other 

age-related changes may affect LN architecture and organization in a manner to disallow 

support of T cell homeostasis, intranodal cell positioning and trafficking, and cross-talk 

between lymphoid and stromal cells, which is required for homeostatic maintenance and 

orchestration of immune response. These observations highlight the contribution of SLO 

aging to immune deficiency with aging and single it out as a limiting factor for the 

successful restoration of functional and protective immunity following thymic rejuvenation.

3. Age-related changes in the host microenvironment are the limiting 

factor for functional immunity.

As discussed above, SLO, especially LN, experience multiple age-related changes that 

interfere with peripheral T cell homeostatic maintenance and reduce the efficacy of immune 

responses to new and reemerging infections and vaccination. These include the decreased 

homing and retention of lymphocytes, a decline in the ability of SLO stromal cells to sense 

infection-associated inflammatory signals (directly or indirectly via activated dendritic cells 

(DCs) and macrophages), reduced stromal cell stretching and expansion, and impairment in 

stromal microenvironment affecting intranodal trafficking cues that facilitate rapid DCs-T 

cells and T-B cell interactions, T follicular helper (Tfh) cell differentiation, B cell activation, 

and germinal center (GC) formation [19–21, 62–64].

Adoptive T cells transfers, in which adult and old lymphocytes or T cells can be 

systematically introduced into adult or old recipient hosts, and parabiosis, wherein adult 

and old hosts can be surgically joined in a way that they can share the blood and circulating 

immune cells but not stationary stromal cells, have been informative to discern the impact 

of old immune cell-intrinsic and microenvironment-driven changes underlying immune 

function decline during aging [65, 66]. Also, approaches that allow genetic labeling of T 

cells at the time of their development, such as indelible labeling of newly generated T cells 

in TCRδCreER.ZsGreen mice [67, 68], further facilitated our understanding of the exact 

time when a specific defect starts building in T or stromal cells during aging. Regardless of 

the models used, recent studies unequivocally pinpointed that old microenvironment-driven 

changes are the main culprit underlying the age-related defect in adaptive immune function. 
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Surh’s group originally demonstrated that the aged murine SLO microenvironment failed 

to support the homeostatic proliferation of adoptively transferred young adult T cells, 

whereas the proliferation potential of 18 mo old donor T cells was robust in 2–3 mo 

young adult recipients, suggesting that age-related intrinsic changes in the old T cells do 

not affect their inherent homeostatic proliferation capacity [18]. Rather, it was the aged 

microenvironment that had a decisive impact [19]. Another study reported that an aged SLO 

microenvironment underlies multiple defects in homing, priming, and effector differentiation 

that led to poor CD4+ T cell response and hindered the ability to support germinal center 

(GC) B cells in response to immunization [69]. These authors showed that fewer adoptively 

transferred young adult OT-II CD4+ T cells trafficked to the T cell zone in the old spleen, 

coinciding with reduced protein levels of homeostatic chemokines, CCL19 and CCL21 [69]. 

Moreover, OT-II cells that did make it to the old spleen exhibited a significant delay in 

their priming and proliferation due to impaired DCs function, and subsequently fewer T 

cells differentiated into Tfh, which closely corresponded to reduced numbers of GC B cells 

[69]. Similar defects in priming, proliferation, and effector differentiation of transferred 

young adult antigen-specific T cells were reported in response to infection with mouse-

adapted influenza PR8 and lymphocytic choriomeningitis virus (LCMV) Armstrong strain 

in old recipient mice [70, 71]. Our group has reported that in the young host, adoptively 

transferred adult and old OT-I CD8+ T cells responded similarly to Ovalbumin-expressing 

L. monocytogenes (Lm-OVA) infection, whereas adult OT-I CD8+ T cells transferred into 

old recipient mice responded poorly as measured by T-bet induction, differentiation into 

short-lived effector cells, proliferation and effector molecule production [25]. This defect 

was mapped to the underproduction of proinflammatory cytokines in old spleen early after 

Listeria infection, and could be corrected by provision of exogenous immunostimulatory 

IL-12 and IL-18 [72]. Similar priming defects were also reported in CD4+ T cells, where 

2–3 mo young adult TCR transgenic TCR7- or OT-II- CD4+ T cells that recognizes hen egg 

lysozyme (HEL) or OVA, respectively, were adoptively transferred in 3 mo young adult and 

2224 mo old mice [73]. Fewer young adult TCR transgenic CD4+ T cells proliferated in old 

recipients and poorly differentiated into Tfh cells upon immunization [73]. Of note, during 

the vaccination, such DCs priming defects in old mice [73] and the human [74, 75] were 

reversed by administration of a TLR7 agonist, imiquimod.

Recently experiments using the parabiosis pairing of adult and old mice have revealed 

that the age of the host microenvironment underlies the limited immune functionality 

observed in old mice, and further pinpointed that poor LN stromal cell responses contribute 

to the mechanisms that limit the GC B cell and antibody response to vaccination [64]. 

Supporting the notion that age-related adverse changes in the host microenvironment are 

the key limiting factors for T cell proliferation and function with aging, a recent pioneer 

study, using repeated T cell transfer from one young host to the next for about 10 years, 

demonstrated that T cells intrinsically have the capability for unlimited proliferation and 

possess longevity beyond the life of host organism [76]. Similarly, adoptively transferred 

old B cells performed well in adults but not the old recipient mice, as judged by equivalent 

levels of B cell activation, somatic hypermutation, affinity maturation, and isotype class 

switching, indicative of normal GC B cell responses, in adult and old B cells in the 
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adult host [77–79]. Collectively, this data strongly suggests that age-related changes in the 

microenvironment have the potential to affect SLO homeostasis and immune function.

4. Stromal cells of the secondary lymphoid organ microenvironment.

During embryonic development, highly dynamic and spatiotemporally regulated cross-

talks between hematopoietic lymphoid tissue inducer (LTi) and mesenchymal lymphoid 

tissue organizer (LTo) cells dictate the development and maturation of the LN. These 

interactions facilitate the survival, maturation, proliferation, and differentiation of LTo cells 

into functional stromal compartments that deliver membrane-bound and soluble- survival 

and trophic signals to the lymphocytes and dendritic cells (DCs) [80, 81]. The stromal 

cells constitute about 1–2% of total LN cells. They are diverse and heterogeneous non-

hematopoietic cells that form several distinct cellular niches specialized in supporting the 

function of different types of innate and adaptive immune cells. In the mature LN, major 

stromal cell types are distinguished by surface expression of podoplanin (PDPN) and CD31; 

the fibroblastic reticular cells (FRC; PDPN+CD31−) are mesenchymal in origin, lymphatic- 

(LEC; PDPN+CD31+) and blood- (BEC; PDPN−CD31+) endothelial cells represent the 

endothelial lineage, and double negative (DN; PDPN−CD31−) cells represent precursors of 

the fibroblastic stroma.

The FRC are a major stromal cell type in the LN, accounting for approximately 30–50% 

of the total CD45− stromal fraction. They are known to produce various extracellular 

matrix (ECM) molecules that are structurally arranged in a conduit, through which antigens 

from the lymph flow are sampled. FRC are interconnected to form a specialized reticular 

network, on which various tropic (chemokine C-C motif ligand (CCL)19, CCL21, CXCL12, 

CXCL13) and survival (IL-7, IL-15 and B-cell activating factor of the tumor necrosis 

factor superfamily, BAFF) factors are embedded [15] to facilitate the lymphocyte homing, 

retention, survival, and function. FRC rapidly respond to innate immune triggers, growth 

factor(s), and cytokines, and also possess the antigen presentation capabilities that make 

them ideal candidates to balance tolerance and immunity in the LN [82]. The FRC 

undergo complex remodeling in response to immune activation that involves sequential 

events of activation, stretching, and proliferation resulting in LN expansion to accommodate 

incoming and proliferating lymphocytes. Genetic deletion of FRC in CCL19-Cre-iDTR 

[83] or fibroblast activation protein-α (FAPα)-iDTR [84] mice or selective depletion of 

lymphotoxin beta receptor (LTβR) in FRC [85] led to a substantial reduction in lymphocyte 

numbers, alterations in the reticular network, and loss of T and B cell localization. Mice 

with such deletions exhibited reduced expression of PDPN, IL-7, CCL19, and CCL21, and 

failed to confer protection against viral infections [85]. Recent single-cell RNA-sequencing 

(scRNA-Seq) approaches have revealed at least nine distinct FRC subpopulations that 

possess unique phenotypes and functions underlying distinct cellular niches in the human 

and mice LN [86–88]. The phenotypic characteristics, spatial localization, and function of 

these FRC subpopulations are described in Table 1.

The lymphatic endothelial cells (LEC) form specialized endothelium of the lymphatic 

vessels that facilitate the transport of lymph fluid and lymphocytes from the tissue to LN 

via afferent lymphatics. LEC secrete various growth factors, chemokines, and cytokines, and 
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express class I and II MHC, and co-stimulatory molecules. LEC can capture, process, and 

present the antigens to T cells and are also reported to acquire peptide-MHC complexes 

from DCs, and are known to maintain tolerance and immunity [89, 90]. During infection 

and inflammation, LEC undergo rapid proliferation, modulate local chemotactic gradient, 

and expand the lymphatic network required to increase the lymph flow and promote 

lymphocyte and DCs entry and retention in the LN [91, 92]. Both in humans and mice, 

multiple distinct subsets of LEC have been identified [93–95] that reside in specific niches 

and perform unique functions (Table 2). Blood endothelial cells (BEC) form the lining 

of blood vessels that facilitate the transport of soluble mediators and leukocyte trafficking 

to the LN. High endothelial venule (HEV) is a specialized BEC that produces CCL19 

and CCL21, forming a gradient required to chemoattract CCR7+ DCs and lymphocytes 

into the LN. HEV expression of cell adhesion molecules, such as PECAM-1, ICAM-1, 

VCAM-1, MAdCAM-1, GlyCAM-1, P-selectin, peripheral node vascular addressin (PNAd), 

and integrins facilitate the trafficking of lymphocytes in the LN. The BEC and HEV rapidly 

respond to the immunological challenge by contributing to the expansion and contraction 

of the LN. Recently, scRNA-seq has revealed at least eight distinct molecular clusters that 

encompass capillary, venous, and arterial EC within a BEC compartment (Table 3) [96, 97].

4.1 Age-related changes in steady-state lymph node structure and organization.

Unlike thymic involution, SLO atrophy as a function of age has been much less explored. 

Nonetheless, accumulating evidence suggests that LN, and to some extent spleen, with 

increasing age experience various degenerative changes that affect their overall structure 

and integrity (Figure 1) [98–101]. The key histopathological changes reported in the aged 

LN include the increased accumulation of adipose tissue and perivascular connective tissue, 

thickening of the capsule, and fibrotic changes, characterized by excessive fibrous tissue and 

collagen deposition, and such changes were evident in functional niches in the cortical 

and medullary regions of the LN [99, 100]. Age-related increased adipose deposition 

(lipomatosis) and replacement of perivascular smooth muscle cells with the connective 

tissue (hyaline degeneration) can affect several critical functions in the LN and might 

lead to the constriction of lymphatics, impairing lymph flow and inducing lymphedema. 

Adipose tissue production of adipokines can influence the interaction of immune cells and 

stromal cells [102–104]. Fibrotic changes can further lead to loss of LN flexibility [21, 101], 

potentially negatively influencing the normal migratory behavior of lymphocytes and DCs 

and also their cross-talk with stromal cells [105]. The LN from older humans and mice 

exhibit a sign of atrophy and appear smaller with a significant reduction in total cellularity. 

Of note, such LN atrophy is not uniform across all the LN. Specifically, in mice [68] and 

humans [106] the skin-draining LN appeared to be affected quite early compared to LN 

draining the deeper tissue. Using time-stamp labeling of RTE, we recently demonstrated 

that skin-draining LN in mice undergo early (6 to 9 mo) atrophy, characterized by reduced 

ability to maintain Tn cells, disturbance in FRC structural network, and numerical loss of 

FRC and LEC, which all precipitated reduced immunity to cutaneous vaccination [68]. In 

line with the findings in aged LN [68, 99, 101], a recent report has demonstrated the waning 

of PDPN+ area, reduction in FRC numbers in the T-cell zone, and reduced levels of CCL19 

and CCL21 proteins per mg of total proteins in the spleen of naturally aged mice [107]. With 

the increasing age, the reduced or aberrant CCL19, CCL21, and CXCL13 expression by the 
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stromal cells is thought to contribute to the disorganization of T and B cell zones in the LN 

[99, 108]. Similar disorganization in the T cell zone and B cell follicles and altered T-B cell 

interaction have also been reported in the human LN [109]. Such disorganization led to the 

accumulation of increasing numbers of B cells in a paracortical T cell zone, where intruding 

B cells may alter the structural integrity of CCL21-producing FRC [110].

FRC and LEC are the major producers of the T cell survival factor, IL-7. The IL-7 

stimulation in T cells integrates multiple signaling pathways, such as Janus kinase (JAK1 

and JAK3); phosphorylation of STAT5, STAT1, and STAT3; and the phosphoinositide 3 

kinase (PI3K)-AKT, to induce the anti-apoptotic and pro-survival proteins, such as Bcl-2, 

Bcl-xL and Mcl-1, and glucose-dependent metabolic regulators [111]. Reduced T cell 

survival and homeostatic proliferation in aged SLO might likely be a result of suboptimal 

IL-7 signaling, as CD4+ and CD8+ T cells exhibited increased IL-7Rα expression and 

concomitantly reduced pSTAT5 [19, 112]. However, IL-7 mRNA and protein levels 

remained unchanged in the aged SLO [21, 107] and similar serum IL-7 levels were reported 

in the adult and older humans [19]. Boosting the IL-7 bioavailability using recombinant IL-7 

complexed with neutralizing monoclonal antibody M25 (IL-7c) significantly improved the 

homeostatic proliferation of transferred donor young adult CD4+ and CD8+ T cells in the 

aged SLO [19], suggesting that altered stromal architectural or macroscopic alterations, such 

as fibrosis, might limit the bioavailability of the survival signals. However, whether or not 

IL-7c influence the structure and function of the SLO stromal compartment is unclear and 

needs systematic investigation. Moreover, it will be important to test whether strategies that 

control the fibrosis or inhibition of pro-fibrogenic signaling may improve the accessibility of 

IL-7 and other stroma-derived survival factors to T and B cells.

Recent studies have suggested that different stromal cell subsets experience age-related 

changes differently, and such differences may underlie specific changes in LN structure 

and organization. For example, CD34+ stromal cells and Bst1− medullary reticular cells 

were recently shown to be more sensitive to adipogenic signals, with a high propensity to 

transdifferentiation into adipocytes and age-related lipomatosis [102]. Within a medullary 

area of lipomatosis, increased loss of lymphatic vessels and complex remodeling of HEV 

have been observed. The HEV vessels, in particular, appeared dilated with thinning of 

endothelium walls and loss of PNAd expression, leading to a reduction in homing of T 

cells and abnormal distribution of CD38+ plasma cells around HEV in the lipomatosis-rich 

medullary region [102]. The follicular dendritic cells (FDC) also experience multiple age-

related changes that collectively contribute to weakened Tfh and GC B cell activity and poor 

high-affinity antibody response [113]. In old mice and humans, the proportion and numbers 

of FDC were consistently found reduced and fewer and less dense GC were reported in 

the aged LN [73, 99, 114]. Moreover, aged FDC exhibit reduced surface Fc-receptors 

(CD21, CD35, FcγRII, and FDC-M2), become rigid, and lose flexibility which may affect 

their antigen archiving and/or antigen presentation to B cells and ability to effectively 

communicate simultaneously with Tfh and B cells in the follicle [114, 115]. Old FDC poorly 

support in vitro activation of the adult B cells [114], and transferred old B cells underwent 

normal affinity maturation and isotype switching in adult but not old recipient mice 

[77–79]. Some of these functional problems could be reversed by complement-mediated 
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augmentation of immune complex formation that facilitated antigen archiving by FDC [115, 

116].

Some studies reported that steady-state old murine LN exhibit less dense FRC and FDC 

reticular network and even noted fewer FRC, FDC, and LEC compared to adult LN [19, 

68, 117]. However, other studies have provided mixed results on the age-related changes in 

FRC numbers and organization, with some reporting no change [117, 118], and others even 

finding an increased proportion [99]. Careful consideration is required when interpreting 

these studies. First, not all old peripheral LN exhibit reduction in FRC numbers; specifically, 

axillary and inguinal LN experienced higher FRC loss while brachial LN showed no 

change [68], and pooling all peripheral LN together obviously would result in mixed or 

inaccurate results; second, we found a loss of FRC network integrity much earlier than 

the measurable numerical decline [68] and sometimes even without any change in cell 

numbers [118]; third, subtle population-level differences may not be picked up or withstand 

rigorous statistical methods when FRC are defined merely via the CD45−CD31−PDPN+ 

phenotype; and finally, use of different mechanical/enzymatic digestion methods might 

result in different results across the studies. When comparing stromal cell steady-state 

or infection/immunization responses of adult and old LN, we encourage the inclusion 

of as many as possible reliable markers, including CD21/CD35, MAdCAM-1, CD157 

(Bst-1), PDGFR-α (CD140a), PDGFR-β (CD140b), Sca-1, CD29, CD34, CD44, CD73, 

CD106, LepR, Integrin α7, PNAd, ICAM-1, VCAM-1, Glycam-1, Lyve-1, CD209, CD272, 

Claudin-3, -5, and -11, and ER-TR7, in addition to CD31 and PDPN to be able to define 

various FRC, LEC, and BEC subpopulations [80, 88, 119, 120]. This granular approach 

would help in dissecting the stromal cell subpopulation-specific age-related difference at 

homeostasis and infection or vaccination settings.

4.2 Impact of age-related changes in lymph node structure and organization on 
functional immunity to infection and vaccination.

Regardless of the changes at a population level at steady-state, old FRC often display 

delayed activation, reduced proliferative responses, and loss of flexibility that impair the 

ability of LN to expand in response to infection to accommodate expansion of antigen-

responsive cells to generate high-quality T cell and high-affinity B cell responses [64, 

118, 121]. The infection and related inflammation are known to remodel the LN stromal 

network, facilitating the expansion and contraction of the LN during the activation and 

resolution, phases of the immune response, respectively [122]. During such conditions, 

FRC relieve their contractile force and undergo extensive stretching via the interaction 

of FRC’s PDPN and CLEC2 on resident and migratory DCs, leading to uncoupling of 

PDPN from ezrin, radixin, and moesin family proteins (ERM proteins), the downstream 

Ras homolog family member A (RhoA) and clustering in the membrane lipid rafts [123]. 

This response enables FRC proliferation, makes room for lymphocyte proliferation, and 

facilitates lymphadenopathy as a key response to infection [122, 124]. Although the 

exact trigger(s) for FRC proliferation during such immune activation is not known, the 

lymphotoxin beta (LTβ) and receptor activator of nuclear factor kappa-B ligand (RANKL) 

are known regulators of FRC proliferation during development and therefore could be also 

involved during the response to infection [122, 125]. Whether and to what extent such 
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mechanism(s) still operate in old mice and human remains to be determined. Some studies 

suggest that increased accumulation of DCs and CD4+ Tn cells could be a possible trigger 

[124, 126]. However, whether and to what extend age-related lymphopenia (especially 

reduced Tn cells) affect FRC phenotype, mechanobiology, and function is not known. Along 

these lines, it has been reported that aged peripheral LN lose their ability to undergo 

remodeling and expansion in response to viral infections [20, 127], and correspondingly, 

exhibit defects in CD4+ T cell trafficking, and Tfh and GC B cells function, with a 

consequent reduction in WNV neutralizing antibody serum levels [20]. Similar defects 

in the LN expansion (as evident with reduced total cellularity) and reduced humoral 

response were observed in old mice immunized with OVA/alum [20] and Chikungunya virus 

(CHIK) infection [127]. Interestingly, age-related increased susceptibility to CHIK infection 

was found to be TGF-β-dependent, and anti-TGF-β treatment of old mice successfully 

restored the neutralizing antibody response to adult levels, alleviating the clinical symptoms 

(arthritic or metatarsal inflammation). TGF-β is a key driver of fibrosis and its blockade 

might in part lead to a reduction of fibrotic changes in old LN, resulting in improved 

bioavailability of trophic factors and intranodal trafficking that benefit FRC and lymphocyte 

function. FRC are a major producer of collagen and other ECM molecules, and the 

fact that they are particularly responsive to cytokine stimulation [87], makes it likely 

that elevated TGF-β and other fibrotic stimuli in the aging host might adversely affect 

the regulation of ECM protein production by FRC [105], thus contributing to fibrotic 

changes. Moreover, TGF-β and IL-7 are antagonistic to each other, and elevated levels 

of TGF-β [127] and biased Treg response [128] in old mice might in part drive the 

impairment in FRC- lymphocyte-DCs cross-talks by this antagonism. Such changes may 

deprive lymphocytes and DCs of stromal-derived chemotactic and survival signals, while 

FRC may also experience the scarcity of hematopoietic cell-derived homeostatic signals, 

including LT-β and RANKL. Collectively, these events have a great potential to cause 

numerical and functional loss of stromal cells and lymphocytes, specifically CD4+ and 

CD8+ Tn cells, in the aged LN. Consistent with this assumption, a study has reported the 

correlation of CD4+ T cell loss with reduced numbers of FRC and FDC in HIV-1 infected 

individuals regardless of the administration of anti-retroviral therapy [129]. Our group has 

previously documented that aged mice and non-human primates exhibit excessive collagen 

deposition in the LN [21], which might in part help explain the observed reduction in the 

acceptance or retention of incoming new T cells after a successful thymic rejuvenation, and 

subsequent, poor immune defense against lethal WNV infection. Recently, the Linterman 

group has reported that poor response of marginal reticular cells (MRC; as defined by 

CD45−CD31−PDPN+MAdCAM-1+CD21/35−) underlie the reduced GC B cell response and 

impaired antibody response to NP-KLH (4-hydroxy, 3-nitrophenyl acetyl linked to keyhole 

limpet hemocyanin) in Alum in LN of aged mice [64]. The adult and old mice used in 

this study showed comparable FRC numbers, and instead, the proliferation and expansion 

of MRC and FDC (CD45−CD31−PDPN+MAdCAM-1−CD21/35+) was severely reduced 

in the draining LN of old mice. The authors further demonstrated that TLR4-adjuvanted 

vaccination boosted the old MRC response and transiently increased the GC B cell and 

antibody responses [64]. Of note, in addition to serving as gatekeepers at SCS, MRC also act 

as a precursor for FDC and some FRC subsets, and therefore, any age-related defect in MRC 

phenotype or function may have a broader downstream effect on T and B cell responses 
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[130]. Recently, the same group has elegantly demonstrated the critical role chemokine 

dysregulation plays in the altered spatial localization of Tfh cells in aged mice LN. In an 

adult healthy LN, Tfh cells express CXCR5 and are primarily confined to the light zone 

of the GC, where they support the cross-talk between FDC and GC B cells. However, in 

an aged mouse LN, these Tfh cells acquired CXCR4 expression and mislocalized to the 

CXCL12-expressing reticular cells in the dark zone of the GC [131]. Such mislocalization 

resulted in a poor expansion of the FDC network and severely compromised the quality of 

the Ab response and correction of chemokine receptors on Tfh cells restored the defects 

[131]. These results suggest that alterations in LN architecture and stromal function strongly 

impact the T cell and humoral response, and targeting such age-related changes would pave 

new ways to restore functional immunity in older adults.

4.3 Age-related changes in endothelial stromal cells.

The lymphatics system that connects various organs to the regional LN, including those that 

drain the skin and other mucosal surfaces, also undergoes age-related changes, [132, 133]. 

Aged lymphatic vessels exhibit reduced contractility, less dense lymphatic vasculature, and 

impaired drainage to the local LN [134, 135]. In old rats, the lymphatic vessels appeared 

leaky and highly permeable and exhibited an impairment in the transport of bacterial and 

fungal pathogens [136]. Similarly, impaired in the trafficking of DC to the draining LN 

through lymphatic vessels was reported in old mice [137]. Such lymphatic permeability 

issues might contribute to lymphedema and tissue swelling observed in older adults [138], 

which in the CNS may lead to amyloid deposition and cognitive defects [139]. Further, 

aging might affect lymphangiogenesis, a process of forming new lymphatic vessels, due 

to age-related reduction in vascular endothelial growth factors (VEGF-C and VEGF-D) 

[140] or increase in TGF-β, an inhibitor of lymphangiogenesis [141]. Multiple distinct LEC 

subpopulations were identified (Table 2) and it would be critical to understand if specific 

subsets exhibit differential sensitivity to aging. At steady-state population levels with aging, 

both murine skin lymphatics [137] and murine skin-draining LN [68] harbored fewer 

LEC and proliferated poorly in response to acute infections [118, 121]. Aged LEC were 

reported to be highly sensitive to apoptosis and senescence [142]. A state of age-associated 

chronic, low-grade inflammation, often referred to as “inflammaging” [143] appeared to 

negatively affect the LEC. Specifically, reduced CCL21+ LEC area and increased infiltration 

of inflammatory cells were found around the skin lymphatics [137]. In some tissues and cell 

types, aging is characterized by the accumulation of senescent cells [144, 145] a state of 

permanent cell cycle arrest, sometimes also accompanied by the production of senescence-

associated secretory proteins, named the senescence-associated secretory phenotype (SASP) 

[146]. Both inflammaging and SASP are known to drive senescence-like phenotype in 

the endothelium, including LEC and BEC [144, 147]. Senescent cells and SASP act in a 

paracrine manner and drive the age-related defects in surrounding cells. As lymphatics carry 

tissue fluid to the LN, they can likely drain SASP products into the LN and during this 

process also get affected themselves, which may in part drive LEC dysfunction [148, 149].

Like other stromal cells, the BEC population also experiences multiple age-related changes 

that might contribute to observed defects in homing and recirculation of the naïve and 

memory T cells and the quality and magnitude of immune activity in old LN. The aging 
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of BEC has been considered a wide spread phenomenon, and BEC are sensitive to a 

variety of age-related systemic and local changes, including SASP and inflammaging. 

The BEC responses to these changes are thought to drive some tissue-specific aging 

phenotypes, including in the spleen [150, 151]. Aged splenic BEC are sensitive to hypoxia 

and oxidative stress [150]. Within the aged spleen and other tissue, a loss of PDGFRβ+ 

pericytes that adhere to the endothelial vessels and correspondingly, a loss of BEC network 

density was evident. Importantly, fate-mapping experiments have shown that pericytes can 

transdifferentiate into fibroblasts and promote fibrotic changes in the aged spleen and lung 

[150, 152, 153]. In older human LN, the proportion and numbers of BEC and HEV are 

reduced [104]. Although the numeric decline in BEC LN was not evident in old mice [68, 

118, 121], HEV appeared to be structurally altered with a loss of cuboidal morphology 

and the presence of altered vessel walls [99]. Unlike LEC, proliferation and expansion 

kinetics of aged BEC in draining LN were not affected in response to viral infection [118, 

121]. During WNV infection, adoptively transferred old CD4+ Tn cells experienced delayed 

transmigration through HEV in adult recipients [20]. However, a direct comparison of the 

ability of adult and old HEV to support lymphocyte trafficking to the LN has yet to be 

performed. A recent study showed that ex vivo expanded adult and old mice-derived LEC 

and BEC were capable of recognizing the WNV, and responded similarly to their adult 

counterparts by inducing the equivalent early transcriptional response, indicative of type I 

IFN signaling [121]. Like LN BEC and LEC, aged bone-marrow (BM)-derived endothelial 

cells (EC) exhibited similar leakiness and sensitivity to oxidative stress, and overall vascular 

niche issues [154], and transplantation of young BM-EC in old mice has demonstrated a 

beneficial role in the rejuvenation of hematopoietic stem cells and immune reconstitution 

[155]. Similar rejuvenation potential for thymic EC in the adult response to irradiation 

has been demonstrated [156]. It will be important to establish whether young LEC or 

BEC population possess similar rejuvenation capacity that can help alleviate some of the 

age-related changes in the LN.

It becomes clear from the discussion above that LN stromal cells experience multiple 

age-related changes that precipitate in LN structural and functional impairment. However, 

which of these changes, and to what degree, are targetable is not known. While studies 

directly addressing this question are yet to be performed, a recent report has demonstrated 

that TLR-4 adjuvant boosted the response of MAdCAM1+ marginal reticular cells (MRC) 

in the aged LN during vaccination, resulting in improvement in GC activity [64]. Another 

study recently showed that localization and functional response of FDC in the GC region 

is altered by aging in both old murine and human LN, and that an age-related upregulation 

of CXCR4 on Tfh underlies these defects [131]. Specifically, transfer of young Tfh cells 

that express CXCR5 but not CXCR4 restored these defects, and improved FDC response 

and quality of GC during vaccination [131]. While the authors showed an improvement 

in antibody “quality” by assessing rates of affinity maturation, some of the effects were 

discrete and the authors did not test antibody “quality” in microbial challenge models to 

test improvements in immune defense. Nonetheless, these findings indicate that some of 

the age-related changes in the LN stromal cells can be targeted for correction, and it will 

be interesting to see if such strategies help restore the stromal cell network and structural 

issues.
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Some of the age-related changes in the aged LN and/or stromal cells, such as senescence, 

fibrosis, and metabolic alterations appear to be (at least in part) reversible by senolytics, 

anti-fibrosis treatment, and dietary interventions, respectively [144, 146, 157, 158]. 

Senolytics, compounds that selectively eliminate senescent cells and reduce SASP in 

some (particularly mesenchymal) tissues, are one of the promising strategies to improve 

physiological function and physical performance in older adults [144, 157]. However, 

studies assessing their role in an immunosenescence setting have yielded mixed results, with 

some demonstrating benefits [159–161] while others reporting no improvement [162] in 

restoring functional immunity. Therefore, a more direct assessment of improvement in aged 

LN stromal cell structural and functional aspects through senolytic treatments is needed.

Similarly, anti-fibrosis and dietary interventions have improved age-related fibrosis [158, 

163] and metabolic dysregulation [164–166], respectively, in other tissues. However, 

whether and to what extent such approaches could delay or ameliorate fibrotic or metabolic 

changes in the old LN stromal cells is not known and warrants direct examination. As 

is the case for other tissues during aging, incisive examination is needed of the potential 

to delay or reverse accumulation of macromolecular damage, cellular dysfunction, and 

structural changes that accumulate over time, and may be fueled by several feed-forward 

mechanisms [167]. Such investigations should address the alterations in epigenetic states 

[168], mitochondrial and lysosomal dysfunction [169, 170], impaired proteostasis [171], 

increased genomic instability [172], and loss of cellular function [167]. Moreover, age-

related structural changes in the LN involve alterations in the ECM and tissue organization, 

and reestablishing such intricate tissue architecture needs specific attention, possibly 

exploiting approaches from tissue engineering technologies and innovative biological 

interventions.

4.4 Possible contribution of aged innate lymphoid cells in SLO defects?

Innate lymphoid cells (ILC type 1–3) have emerged as a key cellular player in regulating 

tissue homeostasis, repair, and immunity. They are also found in SLO, predominantly in the 

T cell and B cell zones and interfollicular regions of the LN, and experimental evidence 

suggests that they might play a critical role in regulating adaptive immunity [173]. A critical 

role of ILC3 in regulating lymphocyte entry to the LN has been suggested. Depletion of 

IL-7 in the adult mice resulted in a reduction of ILC3 numbers in the peripheral LN, 

concomitant with reduced lymphocyte homing and without affecting stromal cell abundance 

[174]. This effect was found to be independent of positive regulators (chemokines, cell 

adhesion molecules, and glycans) of HEV function, instead, the mechanism appeared to lie 

at the level of HEV barrier integrity [174]. A critical role of LTi cells, a specific type of 

ILC3, is well established in LN development, and ILC2 and ILC3 are often found located 

close to FRCs and MRCs in adult life [175, 176]. It has been shown that cytotoxic CD8+ 

T cells dismantle the TRC network during viral infection, which could be restored by ILC 

response mediated by LTα1β2 [176]. Splenic ILC3s are capable of integrating stromal and 

hematopoietic signals to help B cell function and antibody response [175]. ILC3 has been 

shown to establish a bi-directional cross-talk with MRCs. ILC3 production of LTα1β2 

and TNF induce the expression of IL-7, CCL20, and MAdCAM-1 in MRCs, which in 

turn support the survival of ILCs via cell-cell contact-dependent and soluble (IL-7) signals 

Sonar et al. Page 15

Semin Immunol. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[175]. ILC3 has also been reported to express BAFF, CD40L, and DLL1, and co-culture of 

ILC3 and CpG-stimulated marginal zone B cells induced the IgM, IgG, and IgA production 

of B cells, the level of which was further enhanced by additive signals from ILCs and 

MRCs [175]. Unraveling the exact role (and identification of associated molecular cues) of 

ILCs in the maintenance of LN structure and organization warrants urgent attention. Like 

other immune cells, ILCs also experience age-related changes, and understanding whether 

such ILC-mediated LN stromal conditioning, bi-directional cross-talks and maintenance 

function(s) deteriorate with age, and to what extent they fuel the age-related decline of 

functional immunity would pave a way to understand and modulate SLO aging.

5. Systemic Changes in Circulating Factors with Immune Aging.

Heterochronic parabiosis has been used in many studies to establish whether circulating 

cells and soluble factors may modulate the aging process in animals, chiefly mice [177]. 

For example, when an old mouse was surgically connected to a younger mouse, the old 

parabiont showed improvement in brain function, tissue regeneration, vascular function, 

and other aging phenotypes [178–182]. In 2023, Zhang et al. showed that old mice, who 

underwent heterochronic parabiosis for 3 months and the detachment, exhibited improved 

physiological parameters and lived longer than control isochronic mice [183]. The growth 

differentiation factor 11 (GDF11) has been identified as one candidate responsible for 

remodeling the hypertrophied heart in the old parabiont [179–181], although other studies 

contradict that finding [184]. In addition to GDF11, oxytocin [185], insulin-like growth 

factor-1 [186, 187], and tissue inhibitor of metalloproteinase (TIMP)-2 [188] were also 

implied as anti-aging circulatory factors responsible for improved function and increased 

regeneration of the brain, vascular system or muscle. Several studies reported that young 

plasma transfer can improve certain age-related conditions, but immunological changes 

in those models were not assessed [189–191]. Overall, to this date, to the best of our 

knowledge, no study with parabiosis or young plasma transfer ever demonstrated an 

improvement in immune parameters of the old host.

On the other hand, a young parabiont surgically connected to an older mouse developed 

aging phenotypes, such as decreased neurogenesis and reduced cognitive functions and C-C 

motif chemokine ligand 11 [192], β2-microglobulin [193, 194] and vascular cell adhesion 

molecule 1 [195] were identified as the progeroid factors. So far, heterochronic parabiosis 

has not been extensively applied to study circulatory factors involved in immunosenescence. 

In 2015, Shytokov et al. showed that the capacity of splenic adherent cells from younger 

parabionts to co-stimulate T cells was impaired to the levels seen in old mice [196]. Using 

heterochronic parabiosis, Kim et al. showed that thymic size was not regenerated in the 

old parabiont [65]. We confirmed this finding and extended it to show that old lymph 

node cellularity similarly was not regenerated by heterochronic parabiosis [66]. Moreover, 

we found that the cellularity of both stromal cells and T cells in LN declined in adult 

parabionts and that this effect was transient, being reversible upon parabiont separation [66]. 

In the same study, decay analysis of T cells after the separation from parabiosis showed 

the age-related alteration in the old LN made them unable to maintain T cells from young 

animals [66].
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The key question here is the identity of the circulating factors in the old mice that drive 

adverse changes in the adult immune system over a relatively short time of parabiosis (4–5 

weeks). In parabiosis, both cells and soluble factors will be shared between two parabionts. 

To figure out if the soluble progeroid factors alone can cause the changes in the immune 

system of younger mice, we performed plasma exchange experiments. We injected 3-month-

old adult mice with PBS or with plasma from old mice and 18-month-old mice with PBS 

or plasma from the adult mice every 3 days for one month. Our preliminary data showed 

the injection of old plasma caused a pro-aging effect on the CD8+ Tn cell number in adult 

mice, while injection of adult plasma did not alter the aging phenotype in the spleens of old 

mice. However, further research will need to be done to identify the responsible factor(s) 

and the mechanism, particularly because SLO stromal aging plays such a prominent role 

in immune senescence. So far, no rejuvenating soluble factor which can reverse immune 

aging has been identified. Instead, immune-related factors, including inflammatory factors, 

are elevated in plasma from older mice or humans. This list includes but is not limited 

to, many chemokines, such as CCL2, CCL11, CCL12, and CCL19, cytokines, such as 

IL-3, IL-5, IL-16, IL-18, and other factors, such as haptoglobin, TIMP-1, and C-reactive 

protein [192, 195]. The elevation of those pro-inflammatory markers could be the result 

of immune aging, and it also could be its partial cause. The immune dysfunction seen in 

a young parabiont who shares the circulation with an old mouse happens rather rapidly 

(over 4–5 weeks) and is reversible, suggesting the action of a short-lived (likely soluble) 

component. Systematic dysregulation in chemokines and other pro-inflammatory factors can 

impair cell trafficking, cytokine production, or receptor expression. And prolonged elevated 

inflammatory factors may damage immune and/or stromal cells in SLO and may disturb 

the interaction between immune cells and stromal cells by causing irreversible structural 

changes. It is possible that senescent cell production of SASP-related molecules contributes 

to production of circulating pro-aging factors (reviewed in [157] and [197]). Palacio et al. 

showed that in irradiation-induced senescence, SASP was activated in the spleen to impair 

immune cell function in the splenic environment. The effect was reversible with the removal 

of senescence cells [198]. Therefore, the targeting of senescent cells in SLO needs to be 

assessed for its ability to improve immune function with aging. However, in the lymph 

node stroma, other mechanisms could be at work. For example, CCL19 and 21 are the key 

chemokines produced by FRC that provide a chemotactic gradient to Tn and Tcm cells 

cells to migrate to LN. In the (relative) absence of Tn cells, FCR may elevate production 

of CCL19 and 21 to “call in” more Tn cells to the LN. Prolonged overproduction of such 

chemokines, however, will eventually have a negative effect due to their accumulation in 

circulation (see parabiotic studies above, [192, 195], and the loss of a chemotactic gradient.

Overall, when considering the totality of stromal cell as well as soluble factor dysregulation 

with aging in SLO biology, it is likely that the Tn cell defect is the primary and initiating 

factor in the cascade. That leads to the initial compensatory changes in soluble factor 

secretion and stromal cell biology (retraction of the FRC network), that eventually further 

feed forward into impaired migration of Tn cells into the LN as well as their inferior 

maintenance by an already disorganized stromal networks.”
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6. Concluding remarks and outstanding questions.

While the knowledge on the importance of non-lymphoid cell aging in thymic involution 

has been present for a while, the past decade brought us key insights on the importance of 

stromal cells in immune aging of other lymphoid compartments, including the bone marrow 

[199] and, as discussed above, SLO. Despite all the evidence pointing out the critical 

role of microenvironment SLO defects, the direct mechanistic evidence that age-related 

changes in the SLO stromal cells underlie defective immunity with aging is still limited. 

Specifically, the field now needs the development of stromal cell-type-specific, conditional, 

or even better, inducible gene overexpression models to directly address the role of key 

stromal-lymphocyte cross-talks during aging. If indeed such interactions are as important as 

suggested by the literature reviewed here, one should be able to demonstrate the reversal of 

age-related LN, and also protective immunity, defects by manipulation of key maintenance 

factors for LN stroma and of the stromal: lymphocyte cross-talk. Such experiments are 

already in progress and we are confident that we will soon be privy to new and exciting 

insights that should in turn pave the way to human clinical trials to improve protective 

immunity in older adults.
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BAFF B-cell activating factor of the tumor necrosis factor superfamily

BEC blood endothelial cells

BMP bone morphogenetic protein

CHIK Chikungunya virus

CMV cytomegalovirus

cTEC cortical thymic epithelial cells
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ECM extra cellular matrix

ETPs early T-lineage progenitors
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GH growth hormone

HEV high endothelial venule

HSV-1 herpes simplex virus 1

IFRC inter follicular reticular cells

KGF keratinocyte growth factor

LCMV lymphocytic choriomeningitis virus

LEC lymphatic endothelial cells

LT lymphotoxin

LTβR lymphotoxin beta receptor

LTi lymphoid tissue inducer

LTo lymphoid tissue organizer

LYVE-1 lymphatic vessel endothelial hyaluronan receptor 1

MedRC medullary reticular cells

MRC marginal reticular cells

mTEC medullary thymic epithelial cells

NAC N-acetyl cysteine

OVA ovalbumin

PDGFR platelet-derived growth factor receptor

PDPN podoplanin

pLN peripheral lymph nodes

PNAd peripheral node addessin

PROX1 prospero homeobox protein 1

RANKL receptor activator of nuclear factor kappa-B ligand

RTE recent thymic emigrants

SASP senescence-associated secretory phenotype

SLO secondary lymphoid organs

TBRC T-B border reticular cells

Tfh cells follicular helper T cells

TGF-β Transforming growth factor beta
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Tn cells naïve T cells

TRC T-cell zone reticular cells

WNV West Nile virus
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Figure 1. Age-related changes in the stromal cells and lymph node structure and organization.
Lymph node stromal cell compartments form the structure, organization, and 

compartmentalization of the lymph node, and significantly contribute to the homeostatic 

maintenance of peripheral naïve T cells. The lymph nodes in aged mice and humans 

exhibit several degenerative changes, characterized by loss of size and total cellularity, 

capsule thickening, impaired cellular compartmentalization, and accumulation of collagen 

and other extracellular matrix components (fibrosis) and adipocytes (lipomatosis). Specific 

defects that contribute to impairment in homeostatic maintenance of lymphocytes involve- 

(1) Impairment in the ability of T cell zone fibroblastic reticular cells (TRC) to maintain 

naïve T cells. This issue may be triggered by the loss of FRC/TRC structural integrity, 

dysregulation of homeostatic chemokines (CCL19 and CCL21), and fibrosis and other 

structural stiffness issues that may hamper the bioavailability of trophic and homeostatic 

molecules [19, 21, 61, 68]. (2) Recent evidence from aging human lymph node studies 

indicates that medullary reticular cells located in the medullary region are highly prone 

to undergo transdifferentiation into adipocytes [102], which may in part explain increased 

lipomatosis often found in the old lymph nodes [103]. Such structural change has broader 

consequences, such as loss of lymphatic integrity and function and aberrant plasma cell and 
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macrophage maintenance in the medulla [102]. (3) Chemokine dysregulation in the aged 

mouse lymph nodes can mislocalize follicular helper T cells to the dark zone of the germinal 

center [131], which affects the FDC proliferation and quality of germinal center response 

during vaccination [64, 131]. (4) Similarly, alteration in homeostatic chemokine gradient is 

thought to underlie the phenotype of diffused T and B cell compartments often seen in the 

old human and mice lymph nodes [68, 99, 100, 118]. (Created with BioRender.com)
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Table 1.

Heterogeneity of Fibroblastic reticular cells and their alterations during aging.

Type of 
reticular 

cells

FRC 
subsets Localization

Unique 
transcriptomic 

signature
Surface phenotype Function Age-related 

changes References

T cell zone 
reticular cells 

(TRC)

Ccl19high 

reticular 
cells

Primarily in T 
cell zone

Ccl19hi, 
Ccl21+, Il7+, 
Bst1+, 
Slc7a11+

CD31− 

PDPN+PDGFRα+Bst1+CD21/35−MAdCAM1− 

CD34− (does not differentiate between Ccl19hi 

and Ccl19lo cells)

Support T cell 
and DCs survival 
and maintenance 
via IL-7 and 
homeostatic 
chemokines. 
Produce collagens 
and ECM 
components and 
form a conduit 
network.

(1) Old mice LN 
exhibit reduced 
CCL19 and 
CCL21 protein 
levels. (2). 
Reduction in FRC 
homeostatic and 
survival signal, 
LTb in old LN 
may affect the 
integrity of the 
PDPN+ reticular 
network in the T 
cell zone (various 
FRC subsets, like 
Ccl19hi, Ccl19lo, 
and Cxcl9+ cells, 
in T cell zone may 
get affected). (3) 
FRC in the 
paracortical T cell 
zone exhibit 
denser ECM 
(increased 
accumulation of 
collagen and 
alpha-smooth 
muscle actin, α-
SMA), suggestive 
of fibrosis.

[68, 86, 
117, 118]

T/B border 
and 
Interfollicular 
reticular cells 
(IFRC)

Ccl19low 

reticular 
cells

Mainly at 
interfollicular 
(IF) region, B 
cell follicles, 
and T cell zones

Ccl19lo, 
Ccl21+, Il7+, 
Cxcl13+, Baff+

CD31− 

PDPN+PDGFRα+Bst1+CD21/35−MAdCAM1− 

CD34−

Support T cell 
(IL-7 and CCL21) 
and B cell 
(CXCL13, BAFF) 
survival and 
maintenance, and 
may be their 
interaction at T/B 
borders and in the 
B cell follicles. A 
proportion of 
these cells 
produce 
cholesterol-25-
hydroxylase 
(Ch25h), an 
enzyme that 
catalyzes the 
production of 7 a, 
25-hydroxy 
cholesterol, a 
ligand known to 
bind with 
GPR183.

(1) Loss of CCL21 
and CXCL13 
protein levels, 
correspondingly, 
altered T cell and 
B cell localization 
and diffused T/B 
border suggest the 
possible alteration 
of these stromal 
cells at the T/B 
border and IF 
region. (2) FRC in 
cortical region 
(that may include 
Ccl19lo cells at 
T/B borders and IF 
region) exhibit 
increased collagen 
and α-SMA 
accumulation.

[86, 88, 
117]

Grem1+ 

reticular 
cells

T cell zone, T/B 
border

Ccl19hi, 
Ccl21+, Il7+, 
Bst1+, Grem1+

Currently, there is no available surface 
marker(s) that can distinguish Grem1+ 

cells from the rest of the TRC. Grem1-
CreERT2::Rosa26-LSL-EYFP reporter mice 
allow the isolation and characterization of 
Grem1-EYFP+ stroma.

Support the 
survival and 
homeostatic 
proliferation of 
LN-resident 
conventional DCs 
(cDCs).

? [88]

Cxcl9+ 

reticular 
cells

T cell zone, IF 
region, 
Medullary area

Cxcl9+, 
Cxcl10+, 

?
(1) Cxcl9+ FRC 
express class II 
MHC genes and 

(1) Loss of CCL21 
and CXCL13 
protein levels, 

[86, 117, 
118]
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Type of 
reticular 

cells

FRC 
subsets Localization

Unique 
transcriptomic 

signature
Surface phenotype Function Age-related 

changes References

Ccl19+, 
Ccl21+, Il7+

machinery for 
peptide 
generation 
(chaperons) and 
loading (CD74) 
onto MHC 
molecules, and 
reduced 
expression of co-
stimulatory 
molecules, 
indicating their 
possible role in 
tolerance. (2) 
Gene signature of 
Cxcl9+ FRC 
(Gpb3–9, STAT1, 
Irgm2, Ifit3, Irf1 
and 8) indicate 
that they likely 
are capable of 
responding to 
IFN-signaling 
(type I and IFN-
γ) and might 
represent an 
activated 
subpopulation of 
TRC.

correspondingly, 
altered T cell and 
B cell localization 
and diffused T/B 
border suggest the 
possible alteration 
of stromal cells at 
the IF region. 
However, no 
definitive evidence 
exists that suggest 
the impairment in 
the structure 
and/or function of 
Cxcl9+ stromal 
cells.

Medullary 
reticular cells 
(MedRC)

Inmt+ 

reticular 
cells

Medullary cord

Inmt+, Nr4a1lo, 
Bst1lo, Ccl19lo, 
Cxcl1lo, 
Cxcl2lo, 
Cxcl9lo, 
Cxcl10lo, 
Cxcl12+, 
Cxcl13+, 
Desminhi, 
Baff+, lepr+, 
CD34−

?

(1) Localization 
and gene 
expression data 
suggest that Inmt+ 

stroma may 
represent a 
population of 
MedRC. (2) 
Inmt+ stromal 
cells can be 
distinguished 
from Nr4a1+ 

MedRC by Cxcl1, 
2 and 10 
expression. (3) 
Produce BAFF, 
IL-6, and APRIL 
and help maintain 
macrophage and 
plasma cells at 
medullary 
regions.

(1) In old human 
LN, PDPN+Bst1− 

CD34− supposedly 
MedRC (that may 
contain Inmt+ and 
Nr4a1+ cells in 
addition to other 
unknown MedRC) 
have been reported 
to be particularly 
sensitive for 
transdifferentiation 
into adipocytes. 
(2) The loss of 
lymphatic network 
and dilation of 
HEV have been 
found within a 
medullary area 
with increased 
adipocyte 
accumulation, and 
correspondingly, 
altered localization 
of plasma cells 
and reduced Naive 
T cells around 
HEV.

[86, 87, 
102, 119]

Nr4a1+ 

reticular 
cells

Mostly in the 
medullary cord. 
Since Nr4a1 is 
also expressed 
by other stromal 
cells (TRC, 
CD34+, MRC, 
and PvRC), 
Nr4a1+ staining 
can be located in 
IF region, T/B 
cell borders, T 
cell zones, and 
SCS.

Nr4a1hi, Inmt+, 
Bst1lo, Ccl21lo, 
Cxcl1hi, 
Cxcl2hi, 
Cxcl9lo, 
Cxcl10hi, 
Baff+, lepr+, 
CD34−

CD31− PDPN+PDGFRa+Bst1− 

CD21/35−MAdCAM1− CD34− (Nr4a1-GFP 
reporter mice may allow isolation and 
characterization of Nr4a1-GFP+ cells. Gating 
out cells that express CD21/35, MAdCAM1, 
and Bst1 could help distinguish Nr4a1+ 

MedRC from FDC, MRC, and TRC that 
express Nr4a1).

(1) Like Inmt+ 

cells, Nr4a1+ 

stroma may 
represent a 
population of 
MedRC. (2) 
Express early 
response genes 
(Junb, Egr1–2, 
Fos, Nr4a1, 
Nfkbia, Nfkbiz, 
and Zfp36) 
indicative of their 
possible activated 
state. (3) Produce 
BAFF, IL-6, and 
APRIL and help 
maintain 
macrophage and 
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Type of 
reticular 

cells

FRC 
subsets Localization

Unique 
transcriptomic 

signature
Surface phenotype Function Age-related 

changes References

plasma cells at 
medullary 
regions.

CD34+ 

reticular 
cells

Capsular area 
and surrounding 
large blood 
vessels in the 
medullary 
region, In the 
vicinity of 
efferent 
lymphatics

CD34+, 
CD248hi, 
Pdgfrβ+, Inmt+ 

Desminlo, 
CD31−, Bst1−, 
Acta2−

CD31− PDPN+PDGFRα+CD2 
1/35−MAdCAM1− CD34+

(1) CD34+ 

fibroblastic cells 
serve as a 
progenitor for 
stromal cell 
development. (2) 
CD34+ stromal 
cells exhibit a 
gene signature 
enriched in 
angiogenic 
factors (Igf1, 
Igfbp3, 4, and 6), 
indicating their 
possible for in 
new lymph and 
blood vessel 
formation. (3) 
They may 
facilitate LN 
expansion during 
immune response 
via CD248.

In the medullary 
region of old 
human LN, CD31− 

PDPN+BSt1− 

CD34+ stromal 
cells have been 
found to 
transdifferentiate 
into adipocytes, 
leading to 
increased 
lipomatosis, and 
gradual loss of 
lymphatic network 
and dilation of 
HEV within an 
area with 
increased 
lipomatosis.

[85–88, 
102]

B cell zone 
reticular cells 

(BRC)

Cxcl12+ 

reticular 
cells

Exclusively in 
the dark zone of 
the germinal 
center (GC)

CD21/35lo, 
Baff+, Cxcl13−, 
Cxcl12+

CXCL12 reporter strains could be used 
to isolate CD31− PDPN+Bst1+CD21/35− 

MAdCAM1−CD34− cells expressing reporter 
driven by Cxcl12 promoter.

(1) CXCL12+CD 
21/35lo stromal 
cells form the 
structure of the 
GC dark zone. (2) 
Attract CXCR4+ 

B cells to the dark 
zone of GC and 
may provide 
microenvironment 
support for the B 
cell somatic 
hypermutation 
process.

? [83, 86, 
130, 200]

Follicular 
dendritic 
cells (FDC)

B cell follicle 
and light zone of 
GC

CD21+, 
CD35+, Baff+, 
Cxcl13+, 
Cxcl12−

CD31− PDPN+CD21/35+MAd CAM1+/− 

PDGFRα+Bst1+

(1) CXCL13+CD 
21/35hi FDC 
facilitate homing 
of CXCR5+ B 
cells and Tfh to 
form B cell 
follicle. (2) 
Support B cell 
survival and 
maintenance via 
CXCL13 and 
BAFF. (3) Present 
antigens to B 
cells via 
immunocomp 
lexes bound to 
Fc-receptors 
(CD16 and 
CD32). (4) 
Maintain the 
microenvironment 
of light zone of 
GC where class-
switching and 
affinity 
maturation 
occurs.

(1) FDC numbers 
decline with age, 
correspondin gly 
fewer and smaller 
GC form in old 
LN. (2) FDC's Fc-
receptor 
expression 
reduced and their 
ability to capture 
antigens and 
present them to B 
cells also 
diminished. (3) 
The proliferative 
response of FDC 
is reduced in the 
draining LN of 
vaccinated old 
mice and found to 
be linked to 
mislocalization of 
Tfh cells to the 
dark zone of GC.

[64, 86, 
116, 130]
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Type of 
reticular 

cells

FRC 
subsets Localization

Unique 
transcriptomic 

signature
Surface phenotype Function Age-related 

changes References

Marginal 
reticular 
cells 
(MRC)

Lining the 
subcapsularsinus 
(SCS)

MAdCAM1+, 
Bst1+, 
RANKL+, 
Cxcl13+, 
Enpp2+, 
CD21/CD3 5-

CD31− PDPN+PDGFRα+CD2 
1/35−MAdCAM1+

(1) Perform 
barrier defense by 
capturing 
antigens from 
SCS space and 
communicate this 
information to B 
cells. (2) Support 
and maintain a 
niche for 
sinusoidal 
macrophages via 
RANKL. (3) 
Maintain type 3 
innate lymphoid 
cells via IL-7 
signaling. (4) 
MRC also serve 
as precursors for 
FDC and other 
FRC subtypes 
during immune 
activation.

(1) The numbers 
of MRC reduced 
with age. (2) Aged 
MRC activate and 
proliferate less in 
response to 
vaccination. (3) 
Aged MRC need a 
boost of TLR4-
mediated signal(s) 
to be able to 
mount similar 
response to their 
adult counterparts. 
(4) Poor MRC 
response to 
vaccine 
correspond to 
fewer GC B cells 
and reduced 
antigen-specific 
antibody 
production.

[12, 64, 
86]

Perivascular 
reticular 
cells 
(PvRC)

Ensheath HEV 
and other blood 
vessels

Itgα7+, 
Pdgfrβ+, 
Acta2+, 
Esam1+, 
Mcam+, 
Fabp4+, 
Myh11hi, 
Myl9hi, Ccl19− 

Ccl21−

CD31− PDPN+PDGFRβ+CD2 
1/35−MAdCAM1−CD34− Integrin α7+

(1) Secrete ECM 
molecules and 
wrap arround the 
HEV and other 
vessels to 
maintain 
endothelial 
structure and 
functon. (2) 
Produce integrins 
and cell adhesion 
molecules to 
support 
lymphocyte 
migration across 
HEV and other 
endothelium.

? [86, 88]
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Table 2.

Transcriptional heterogeneity of lymphatic endothelial cells.

Type of LEC LEC 
subpopulations Localization

Unique 
transcriptomic 

signature
Function References

Subcapsular 
sinus LEC

Ceiling LEC 
(cLEC)

Lining the 
ceiling of SCS 
space

Lyve1+, Cav1+, 
Ackr3+, Ackr4+, 
Cd36+

(1) cLEC express chemokine scavenging 
receptors (ACKR3 and 4) that might 
shape chemokine gradient by scavenging 
homeostatic chemokines, CCL19, CCL21, 
and CCL25, close to the capsular region. 
(2) cLEC also expresses lipid transporters 
(CD36) that may help uptake the low-
density lipoproteins (LDLs) from incoming 
lymph from afferent lymphatics.

[93–95, 201]

Floor LEC 
(fLEC)

Lining the floor 
of SCS space

Lyve1+, Cd44+, 
cd74+, Cd274hi, 
Madcam1+, Ccl20+, 
Cxcl1+, Cxcl5+

(1) fLEC express Class II MHC molecules, 
invariant chain CD74, and high levels of 
PD-L1, suggesting their possible role in 
maintaining tolerance. (2) fLEC are capable 
of chemoattraction of CCR6+ Th17, γδT 
cells and ILC3s via CCL20. (3) fLEC 
may interact with incoming immune cells 
from afferent lymphatics via multiple cell 
adhesion molecules (MAdCAM1, Lyve1, 
GlyCAM1) and integrins.

[93–95]

Medullary 
sinus LEC

Ptx3+ LEC
Cortical and 
medullary sinus 
lymphatics

Lyve1+, Ptx3+, 
Cd274lo, Marco−, 
Itih5+, Mrc1+, 
Reln+

Ptx3+ LEC identified in mice but not 
human LN. Ptx3 is known to bind to 
soluble pattern recognition and altered 
self-molecules that help promote innate 
recognition and phagocytic activity. (3) Ptx3 
LEC also interact with CD44hi activated/
memory T cells via MRC-1. (4) Ptx3+ LEC 
may vigorously respond to the angiogenic 
signals due to their higher expression of 
VEGFR3.

[93–95]

Marco+ LEC
Medullary 
sinus 
lymphatics

Lyve1+, Marco+, 
Cd209+, Clec1b+, 
Clec4g+, Clec4m+

Marco+ LEC expresses CLEC2 (Clec1b), 
a ligand for PDPN, and like CLEC2+ 

DCs, these cells may have a role 
in FRC stretching and expansion. (2) 
Marco LEC abundantly express a gene 
signature indicative of their possible role in 
maintaining innate immune response in the 
medullary region. (3) These cells are also 
shown to sequester virus particles to limit 
dissemination.

[93–95, 202]

Valve LEC 
(vLEC)

Throughout the 
lymphatic 
network

Lyve1+, Foxc2+, 
Cav1+, 
Esam+,Cldn11+

Prevent the backflow of lymph and facilitate 
the unidirectional flow of lymph though 
lymphatics.

[93–95, 203]
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Table 3.

Transcriptional heterogeneity of lymph node blood endothelial cells.

Type of BEC BEC subpopulations Unique transcriptomic 
signature Function References

Capillary 
endothelial 
cells (CapEC)

Capillary endothelial 
cell type I (Cap-EC1)

Igfbp3+, Col4a1+, Col4a2+, 
Id1+, Id3+

(1) Express molecules that facilitate the 
maintenance of vascular tone and blood 
pressure. (2) Higher expression of Id1 and Id3 
help control cell differentiation and senescence 
via inhibiting the DNA binding of basis helix-
loop-helix proteins.

[97, 204]

Capillary endothelial 
cell type II (Cap-EC2)

Erg1+, Cxcl1+, Sgk1+, 
Nr4a1+, Jun+, Junb+, Jund+, 
Fos+, Nfkbia+

CapEC2 transcriptome suggests that they are 
capable of responding to cytokines and other 
inflammatory mediators, possibly in response to 
disturbance in shear stress.

[97, 204]

Interferon-stimulated 
gene-enriched CapEC 
(CapIfn EC)

Ifit1+, Ifit2+, Irf7+, Cxcl9+, 
Cxcl10+

CapIfn represents CapEC subset particularly 
responsive to IFN-signaling. [97]

Activated CapEC 
(CRP)

Angpt2+, Apln+, Esm1+, 
Pgf+, Nid2+, Kit+, Sox7+, 
Ets2+

(1) CRP represents a rare pluripotent EC 
subset, which acts as a precursor for other 
differentiated EC. (2) CRP EC possesses a gene 
signature indicative of activated capillaries that 
are capable of forming new blood vessels.

[97]

Transitional phenotype 
EC (TrEC) Chst2+, St3Gal6+, Fut7+

(1) Express genes signature indicative of 
transitory phenotype shared between the 
HEV and CapEC. (2) TrEC connects capEC 
to venous EC. (3) May help tether the 
lymphocytes to the vessel wall under shear 
stress and facilitate the recruitment of 
lymphocytes.

[97, 204]

Arterial 
endothelial 
cells

Arterial EC (ArtEC)
Cd31+, Gja4 (Connexin 
40)+, Gja5(Connexin37)+, 
Bmx+, Sox17+, Gkn3+

Maintain blood flow and pressure in arteries. [97, 204]

Venous 
endothelial 
cells

High endothelial 
venule (HEV)

Cd31+, PNAd+, Ccl21+, 
Chst4+, Glycam1+

(1) HEV produces CCL19 and CCL21 
gradient and adhesion molecules required to 
chemoattract CCR7+ DCs and lymphocytes 
into the LN. (2) HEV vigorously responds to 
immune activation signals, thereby contributing 
to the structural change required for the LN 
expansion and accumulation of inflammatory 
cells.

[96, 97, 205]

Non-high endothelial 
cell venule (non-HEV)

Nr2f2+, Ackr1+, Sele+, 
Selp+, Vcam1+

Facilitate the rolling and crawling of circulating 
lymphocytes and myeloid cells via L- and P-
selectin, ICAM1, and VCAM1 molecules.

[96, 97]
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