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The lymph node at a glance – how spatial organization optimizes

the immune response
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ABSTRACT

A hallmark of the mammalian immune system is its ability

to respond efficiently to foreign antigens without eliciting an

inappropriate response to self-antigens. Furthermore, a robust

immune response requires the coordination of a diverse range of

cells present at low frequencies within the host. This problem is

solved, in part, by concentrating antigens, antigen-presenting

cells and antigen-responsive cells in lymph nodes (LNs). Beyond

housing these cell types in one location, LNs are highly organized

structures consisting of pre-positioned cells within well-defined

microanatomical niches. In this Cell Science at a Glance article and

accompanying poster, we outline the key cellular populations and

components of the LN microenvironment that are present at steady

state and chronicle the dynamic changes in these elements

following an immune response. This review highlights the

LN as a staging ground for both innate and adaptive immune
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responses, while providing an elegant example of how structure

informs function.

KEY WORDS: Adaptive immunity, Immunology, Innate immunity,

Lymph node

Introduction

A defining characteristic of the immune system is its ability to

respond robustly to a wide range of challenges (Wong and Germain,

2018). From bacteria breaching the skin, to pathogens traveling

through the gastrointestinal tract, to self-reactive immune cells

generated in primary and secondary lymphoid tissues, the immune

response manages to consistently protect the host while minimizing

collateral damage. Given the diversity of antigens and the low

precursor frequency of antigen-specific lymphocytes that are at the

heart of adaptive immunity, how does this system respond in a robust

and efficient manner? The solution requires a dynamic system that is

capable of responding and adapting to these unpredictable and

evolving targets. As such, effective host defense relies on the strategic

positioning of rare precursor cells that, upon detection of their cognate

antigen on antigen-presenting cells, expand into a population of

differentiated cells with diverse effector functions. To increase the

probability that an immune response is mounted in a timely manner,

these interactions are predominantly concentrated in one organ: the

lymph node (LN).

In addition to distilling the peripheral tissue antigen landscape into

discrete focal points, the LN performs several important functions,

including pathogen containment, recruitment of naïve lymphocytes

and antigen-presenting cells (APCs), generation of adaptive immune

responses, suppression of autoreactive cells, and maintenance of

memory through retention of antigens and central memory cells

(Kastenmüller et al., 2012, 2013; Tew et al., 1984; von Andrian and

Mempel, 2003; Gasteiger et al., 2016; Qi et al., 2014; Bajénoff et al.,

2006; Girard et al., 2012). To manage these diverse activities, an

additional layer of organization is required, which is achieved by

localizing cells and their potential interacting partners into specialized

niches within each individual LN. Owing to the diversity of pathogen

entry points, humans have not one, but rather 500 to 600 LNs that are

distributed throughout the body to provide region-specific immune

responses (Moore and Bertram, 2019). Importantly, LNs that drain

different regions of the intestine are both anatomically and

functionally distinct (Carter and Collins, 1974; Mowat and Agace,

2014; Esterhazy et al., 2019). For instance, regulatory T cells (Tregs)

express different surface receptors that direct their migration to

specific tissues, a phenomenon that is largely defined by the

draining LNs in which they reside (Fu et al., 2016). Similarly, the

immunoglobulin isotypes of plasma cells, which partially determines

the tissues they home to, is largely determined by the region of the

body where they were initially exposed to antigen (Tufail et al.,

2013). Here, we will discuss the key cellular players and structural

elements of a representative LN at steady state, as well as during the

early and late phases of an immune response.

Structure and organization of the LN

The lymphatic system is comprised of a network of vessels present

throughout the body that are responsible for transporting lymph,

which contains antigen and APCs. LNs are embedded throughout

this extensive lymphatic vasculature and facilitate the induction of

innate and adaptive immune responses by collecting soluble

antigens from peripheral tissues (Girard et al., 2012). Lymphatic

vessels that flow into the LN are called afferent lymphatic vessels,

while those that flow out of the LN are efferent lymphatic vessels

(see poster). Particles flow from the afferent to the efferent

lymphatic vessels by means of LN sinuses, such as the

subcapsular sinus (SCS) and medullary sinus. In addition to the

lymphatic vessels, blood vessels known as high endothelial venules

(HEVs) also branch throughout the LN (see Movie 1 for an

animation of a voyage through the lymph node).

The LN is divided into three primary regions, namely, the cortex,

paracortex and medulla (see poster). The cortex is the outermost

region of the LN. Within the cortex are niches containing primarily

B cells and follicular dendritic cells (FDCs), known as B cell

follicles, as well as the interfollicular zone (IFZ), which separates

the distinct B cell follicles. The interior region of the LN is the

paracortex, also known as the T cell zone (TCZ). The paracortex

contains fibroblastic reticular cells (FRCs), which are an integral

component of the conduit system that branches throughout the

paracortex. The medulla is located proximal to the efferent

lymphatic vessels and contains the medullary sinuses (Qi et al.,

2014) (see poster and Movie 1).

The organization of the LN into functionally distinct niches is

largely due to the distribution of various stromal cell populations

throughout the LN (Rodda et al., 2018) (see poster). Recent studies

utilizing single-cell RNA sequencing suggest that there are up to

nine spatially distinct, transcriptionally unique stromal cell

populations. Marginal reticular cells (MRCs) scattered beneath the

subcapsular sinus shuttle antigens to B cells, facilitating their

homing towards the follicle through employment of CXCL13, and

contribute to barrier defense by attenuating pathogen spread (Cyster

et al., 2000; Katakai et al., 2008; Rodda et al., 2018). Within the

paracortex are various populations of T-zone reticular cells (TRCs),

which are characterized by their expression of CCL21 and CCL19.

CCL19high (i.e. with high expression of CCL19) TRCs are critical

for maintaining the conduit system and supporting DC motility

(Mueller and Germain, 2009), while CCL19low TRCs reside near

the border of the TCZ and B cell follicles (denoted the T–B border)

and the IFZ and send survival signals to B cells (Rodda et al., 2018).

Additionally, TRCs that express CXCL9 are located throughout the

TCZ and IFZ, and play an important role in positioning dendritic

cells (DCs) and T cells within the IFZ. Within the medulla are

INMT+ stromal cells, which aide with cell–cell communication, and

NR4A1+ stromal cells, which are also present at lower densities

elsewhere in the LN. There are also stromal cells within the LN that

largely support vasculature, such as perivascular cells (PvCs),

which surround vessels in the medulla and cortex, and CD34+

adventitial cells (ACs), which support the capsule and large vessels

in the medullary cords (Rodda et al., 2018).

The LN at steady state

Lymph formed in local tissues enters LNs through the afferent

lymphatic vessels, travels through the subcapsular and medullary

sinuses, and exits through efferent lymphatic vessels that eventually

return the lymph to the blood circulation (see poster and Movie 1).

This journey through the sinuses allows antigen and APCs, as well

as naïve lymphocytes from upstream LNs (Braun et al., 2011), to be

delivered to the paracortex (Sixt et al., 2005). Naïve lymphocytes

also enter LNs through HEVs, which deliver them from the blood

circulatory system to the paracortex (Marchesi and Gowans, 1964;

Thomas et al., 2016).

From the paracortex, immune cells utilize stromal cells and

chemical cues to migrate within the LN, resulting in the formation of

localized compartments (Gretz et al., 1996). Intranodal movement is

largely dictated by FRCs and FDCs (Bajénoff et al., 2006;

Eisenbarth, 2019). FRCs serve as the primary mechanism of
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paracortical lymphocyte migration. T cells, along with many DCs,

are predominantly localized in the LN paracortex (Bajénoff et al.,

2006). Alternatively, B cells eventually migrate to the periphery

towards FDCs to enter B cell follicles in the cortex (Ansel et al.,

2000). Stromal cells direct movement of cells within the LN by

secreting chemoattractant proteins known as chemokines (Griffith

et al., 2014). CC-chemokine ligand 21 (CCL21), for instance,

is expressed on the interior walls of HEVs and engages CC-

chemokine receptor 7 (CCR7), which is expressed by both B and T

cells (Carlsen et al., 2005; Braun et al., 2011). This permits naïve

lymphocytes to adhere to the HEV wall and pass into the paracortex

(Stein et al., 2000). Within the paracortex, they continue to migrate

in response to CCL21, which is associated with the FRC network

(Link et al., 2007; Denton et al., 2014). Eventually, T cells and B

cells separate and migrate to the TCZ and B cell follicles,

respectively (see poster and Movie 1). This is mediated, in part,

by the expression of CXCR5 on B cells and their recruitment to the

peripheral regions of the LN by CXCL13-expressing FDCs

(Ansel et al., 2000).

In addition to the B cell follicles and the T cell zone, the medulla

and IFZ represent two distinct regions of the LN (see poster). The

medulla contains a dense meshwork of blood vessels enriched with

antibody-secreting plasma cells (PCs) and macrophages (Gray

and Cyster, 2012). Within the IFZ and cortical ridge, a reticular

structure at the boundary of the T and B cell zones (Katakai et al.,

2004), lies a diverse network of lymphoid cells (natural killer cells,

γδ T cells, natural killer T cells, and innate-like CD8+ T cells)

located adjacent to lymphatic sinus-lining sentinel macrophages

(Kastenmüller et al., 2012). These cells are joined in the IFZ

by cDC2, a specific subset of DCs that ultimately present antigen to

CD4+ T cells (Gerner et al., 2017). Thus, the strategic prepositioning

of innate and adaptive immune cells within the LN allows it to serve

as a gateway between innate and adaptive immunity. However,

efficient regulation of these responses is also required to prevent the

generation of autoimmunity. Quantitative imaging and histo-

cytometry have demonstrated that Tregs cluster at the T–B border

where they were shown to interact with autoreactive effector T cells

(Liu et al., 2015a,b). Therefore, the highly organized structure of the

LN enables the induction and, importantly, regulation of innate and

adaptive immune responses in an efficient and robust manner.

The early LN response – the integration of innate and

adaptive immunity

LN-resident macrophages (LN-Mɸs) clear the lymph of transiting

pathogens and play a seminal role in coordinating both the innate

and adaptive arms of the immune response (Gray and Cyster, 2012).

As a result of their intimate association with lymphatic sinuses,

LN-Mɸs are strategically positioned to be directly exposed to

lymph. Specifically, a population of CD169+ macrophages in

the subcapsular sinus (SCSMɸs) capture large particles and

microorganisms that enter the LN through the afferent lymphatic

vessels (Girard et al., 2012) (see poster). In addition to aiding in

pathogen surveillance, the close proximity of CD169+ SCSMɸs to

lymphatic endothelial cells (LECs) and stromal cells has been also

shown to be critical for the maintenance of these macrophages via

production of the RANKL (also known as TNFSF11) cytokine

and LEC-derived survival factor CSF-1 (Camara et al., 2019;

Mondor et al., 2019). Additionally, inflammasome activation and

subsequent production of the interleukins IL-1β and IL-18 by

SCSMɸs recruit neutrophils to the LN and activate other

components of the early innate response (Kastenmüller, 2012;

Sagoo et al., 2016; Chtanova et al., 2008; Iannacone et al., 2010;

Frederico et al., 2015). SCSMɸs are also important for the induction

of adaptive immune responses in the LN. For example, SCSMɸs

facilitate B cell priming by transferring antigens to B cell follicles,

as well as immune complexes to FDCs (Carrasco and Batista, 2007;

Junt et al., 2007; Phan et al., 2007, 2009; Aichele et al., 2003;

Veninga et al., 2015). Importantly, disruption of this macrophage

network has been shown to impair B cell responses (Gaya et al.,

2015). Similar to SCSMɸs, LN-resident CD11b+ DCs (LS-DCs)

are strategically positioned within the LN lymphatic sinus

endothelium, where they capture particulate antigens and lymph-

borne pathogens for efficient presentation to naïve T cells (Gerner

et al., 2015). LS-DCs exhibit the capacity to initiate robust T cell

responses much earlier than DCs migrating from the site of

infection. However, migratory DCs further augment the immune

response by delivering antigens from peripheral tissues that may not

otherwise drain to the LN, as well as by presenting higher densities

of processed antigen than LN-resident DCs.

Ultimately, these antigen-bearing DCs must engage antigen-

specific CD4+ and/or CD8+ T cells in the paracortex. A recent

study demonstrated that naïve CD4+ T cells and CD8+ T cells are

not uniformly distributed throughout the paracortex of the LN

(Baptista et al., 2019). By performing advanced quantitative

imaging of mouse LNs, the authors showed that CD4+ T cells are

enriched in the periphery of the LN paracortex in an Ebi2-

dependent manner, with CD8+ T cells being more centrally located

(Baptista et al., 2019). Importantly, XCR1+ cDC1s, canonically

responsible for CD8+ T cell cross-priming, and CD11b+ cDC2s,

associated with CD4+ T cell priming, exhibit a similarly biased

distribution (Ingulli et al., 2002; Gerner et al., 2012; Eickhoff

et al., 2015). In addition to creating distinct niches within the LN,

the presence of these specialized DC subsets in areas enriched for

CD4+ or CD8+ T cells increases the likelihood that APCs

productively engage their cognate lymphocytes. Beyond spatial

segregation, recent literature suggests temporal staggering

between CD4+ and CD8+ T cell activation in peripheral

infections where pathogens do not drain to the LN (Hor et al.,

2015). Originally thought to occur in parallel, the spatiotemporal

dynamics of CD4+ and CD8+ T cells suggest asynchronous

kinetics of lymphocyte activation by a distinct subset of DCs.

Following these peripheral infections, migratory DCs readily

activate CD4+ T cells in the draining lymph node, but alone are

inefficient in directly priming the CD8+ T cells that require lymph

node-resident XCR1+ cDC1s for activation (Hor et al., 2015;

Kitano et al., 2016; Eickhoff et al., 2015).

The enrichment of DCs and CD4+ T cells at the T–B border also

plays a crucial role in promoting humoral immunity. Specifically, T

follicular helper (Tfh) cells, CD4+ T cells uniquely specialized in

providing growth, differentiation and survival signals to B cells

(Crotty, 2019), are generated in spatially distinct peripheral regions of

the LN.Within the IFZ and T–B border, DCs and B cells cooperate in

the production of Tfh cells in two canonical phases. First, pre-Tfh

cells interact with DCs (Kerfoot et al., 2011; Kitano et al., 2011;

Watanabe et al., 2017), resulting in the upregulation of BCL6, the

central regulator of Tfh development, and CXCR5, the chemokine

receptor that directs migration to the B cell follicle (Chen et al., 2015;

Choi et al., 2011; DiToro et al., 2018). Secondly, upon entering the B

cell follicle, they interact with B cells to complete their differentiation

to mature Tfh cells (Qi et al., 2008; Kerfoot et al., 2011; Kitano et al.,

2011; Liu et al., 2015a,b; Watanabe et al., 2017). These studies

demonstrate that rapid cellular and humoral responses are facilitated

by the strategic positioning of APCs and antigen-responsive

lymphocytes within distinct LN niches.
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The late LN response – the generation of memory

Following their interactions at the T–B border (Allen et al., 2007b;

Qi et al., 2008; Kerfoot et al., 2011; Kitano et al., 2011), B and Tfh

cells migrate towards the center of the B cell follicle near the FDCs

and form a distinct substructure called the germinal center (GC)

(Mesin et al., 2016; Victora and Nussenzweig, 2012; Cyster and

Allen, 2019) (see poster). The GC microenvironment coordinates

interactions between a diverse array of cells – Tfh cells, activated B

cells, FDCs and tingible body macrophages – and fosters the

development of highly antigen-specific B cells and PCs (Crotty,

2019). Much of our understanding of these dynamic structures has

been informed by state-of-the-art imaging techniques and

transgenic animal models (Allen et al., 2007b; Qi et al., 2008;

Victora et al., 2010; Liu et al., 2015a,b; Tas et al., 2016). These

studies and others have demonstrated that B cells begin to proliferate

within the first 2–3 days after the GC initially forms. Meanwhile, the

GC organizes itself into two distinct zones, the dark zone (DZ) and

the light zone (LZ) (see poster), that promote optimal B cell

responses through mutation, expansion and selection (Allen et al.,

2004, 2007a,b; Bannard and Cyster, 2017; Victora et al., 2010; De

Silva et al., 2015). One mechanism by which B cells change the

structure of their immunoglobulin is class switch recombination

(CSR), which occurs before entry into the GC and entails distinct

rearrangements of the DNA segments encoding the various constant

regions of the B cell receptor (BCR) or its secreted counterpart

(Toellner et al., 1996; Roco et al., 2019). Another mechanism is

somatic hypermutation (SHM), which introduces point mutations in

the DNA encoding the antigen-binding region of BCRs of DZ B

cells while they are multiplying (Berek et al., 1991). Owing to the

largely random nature of SHM, these mutations yield a wide variety

of BCR-recognition structures. Within the DZ, B cell interactions

and migration patterns are largely directed by CXCL12-expressing

reticular cells (CRCs) (Rodda et al., 2015). After that, selection for

high-affinity B cells takes place in the LZ, where B cells must

endure a thorough screening process that ultimately determines their

fate. B cells with high-affinity BCRs are able to efficiently capture

antigen from FDCs and present it to Tfh cells within the LZ,

whereas the remaining B cells, which fail to present antigen in a

manner that is sufficient to productively engage the Tfh, undergo

apoptosis or return to the DZ (Suzuki et al., 2009; Allen et al.,

2007a; Bannard and Cyster, 2017; Victora et al., 2010; Ise et al.,

2018). While such a high volume of random mutations during the

late response optimizes the affinity of differentiated B cells, it also

introduces the potential to generate autoreactive B cells. One particular

Treg subset known as follicular regulatory T (Tfr) cells help to prevent

such responses (Chung et al., 2011; Linterman et al., 2011;

Wollenberg et al., 2011; Zhu et al., 2015; Sage and Sharpe, 2016).

Tfr cells have long been thought to exert their regulatory functions

within the GC, but it has recently been shown that these cells are

enriched at the T–B border of human LNs, suggesting that they

execute their functions largely outside of the GC (Sayin et al., 2018).

B cells that survive the rigorous rounds of selection in the GC

differentiate into either PCs or memory B cells, each playing distinct

roles in humoral immunity (Cyster and Allen, 2019). PCs are

terminally differentiated and secrete large amounts of high-affinity

antibodies that can rapidly neutralize their target antigens (Nutt

et al., 2015). Although recruitment and retention in the bone marrow

is thought to be critical for long-term PC survival (Radbruch et al.,

2006), a population of PCs remain in the LN medulla where they

may provide an added layer of defense against lymph-borne

pathogens (Fooksman et al., 2010). In contrast to PCs, memory B

cells are not terminally differentiated and therefore can adapt to

antigens related to the original priming antigen by re-entering the

GC and undergoing further SHM of their B cell receptor (Kurosaki

et al., 2015). To facilitate this process, memory B cells may continue

circulating in the bloodstream and lymphatic system (Roy et al.,

2002), or strategically localize in tissues that are near pathogen entry

points (Liu et al., 1995; Fazilleau et al., 2007; Inoue et al., 2018).

While beyond the scope of this article, it is important to note that the

LN is an active site of T cell memory development and a population

of memory CD8+ T cells has been found to be retained near pathogen

entry sites (Mueller et al., 2013; Kastenmüller et al., 2013). In

summary, the production and retention of these cells, along with

memory B cells, highlights the critical role of the LN in the generation

and maintenance of cellular and humoral immune responses.

Conclusions and perspectives

Within the past 20 years, our understanding of the LN has expanded

beyond basic anatomy and function to yield an appreciation of a

highly organized structure comprised of pre-positioned cells in

well-defined niches. Advanced imaging techniques, developed by

our laboratory and others (Allen et al., 2007b; Qi et al., 2008;

Victora et al., 2010; Germain et al., 2012; Gerner et al., 2012;

Jarjour et al., 2014; Liu et al., 2015a,b; Tas et al., 2016; Li et al.,

2017, 2019), have been critical in defining the spatial relationships

and dynamic behavior of lymphocytes and other cell types within

this organ. In addition to describing critical associations between

cells and their interacting partners, these studies have also revealed

important spatial separations, such as the low frequency of DCs in

the B cell follicle. While the exact function of this dissociation is

unknown, it is tempting to speculate that DCs are prevented from

entering the follicle to prevent their competition with B cells, an

APC required for Tfh development. In addition to this question,

many others remain to be explored. What is the significance of this

discrete compartmentalization of the LN? How does it vary between

LNs, individuals and with age? To this end, our ability to answer

these questions, as well as many others, will undoubtedly benefit

from the Human Cell Atlas and their efforts to apply cutting

edge techniques – single-cell RNA sequencing, high dimensional

imaging, and artificial intelligence – to the mapping of individual

cells within human LNs (Regev et al., 2018, preprint). Thus, we

fully anticipate that the principles outlined here will be continuously

refined with additional advances in technology.
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