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Summary:

Upon receiving cognate and co-stimulatory priming signals from antigen (Ag)-presenting dendritic 

cells (DCs) in secondary lymphoid tissues, naïve CD4+ T cells differentiate into distinct effector 

and memory populations. These alternate cell fate decisions, which ultimately control the T cell 

functional attributes, are dictated by programming signals provided by Ag-bearing DCs and by 

other cells that are present in the microenvironment in which T cell priming occurs. We know that 

DCs can be subdivided into multiple populations and that the various DC subsets exhibit 

differential capacities to initiate development of the different CD4+ T-helper populations. What is 

less well understood is why different sub-anatomic regions of secondary lymphoid tissues are 

colonized by distinct populations of Ag-presenting DCs and how the location of these DCs 

influences the type of T cell response that will be generated. Here we review how chemokine 

receptors and their ligands, which position allergen and nematode-activated DCs within different 

microdomains of secondary lymphoid tissues, contribute to the establishment of IL-4 committed 

follicular helper T (Tfh) and type 2 helper (Th2) cell responses.
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INTRODUCTION

Dendritic cells (DCs) initiate T-cell activation and polarization by processing and presenting 

microorganism-derived peptides on Major Histocompatibility Complex (MHC) molecules 

(signal 1) and by providing potent co-stimulatory signals (signal 2) through engagement of 

CD28 expressed by the T cells (1, 2). These co-stimulatory signals, when combined with T 

cell receptor (TCR) recognition of the peptide-MHC complex (pMHC), result in activation, 

clonal expansion and survival of the peptide-specific T cells (2). DCs also provide additional 

cues, often referred to as “signal 3” (3), which are necessary for the full activation of naïve T 

cells and ultimately direct the effector fate of both CD4+ and CD8+ T cells. In fact, DCs that 
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provide these additional activation and developmental signals, often in the form of 

cytokines, dictate the differentiation of naïve CD4+ T cells into the various effector T helper 

(Th) subsets (2). These subsets include: type 1 (Th1) cells, which are critical for resistance 

to intracellular viruses and bacteria (4); type 2 (Th2) cells, which mediate resistance to 

parasitic infections and susceptibility to allergic airway inflammation (5); and type 17 

(Th17) cells, which play a pivotal role in defense against extracellular bacterial and fungal 

pathogens (6). DCs also provide signals that promote the development of inducible or 

peripheral regulatory T cells (pTreg), which maintain peripheral tolerance (7) and follicular 

helper T (Tfh) cells, which provide specialized help to B cells (8). Finally, DCs prime and 

activate CD8+ T cell responses by processing and presenting intracellular antigens (Ag) 

derived from intracellular pathogens and by cross-presenting exogenous Ag in association 

with MHC class I (9).

Numerous subpopulations of DCs have been identified, based on their ontogeny, 

differentiation requirements and functional properties (10–13). DC subsets can be broadly 

subdivided into plasmacytoid DCs (pDCs), monocyte-derived DCs (mo-DCs) and 

conventional DCs (cDCs) (11, 14). pDCs, which arise from progenitors within the bone 

marrow and are recruited from the blood into peripheral and lymphoid tissues, are a major 

source of type I interferon (IFN) during viral infections (15). Monocyte-derived DCs, which 

are generated from circulating monocytes that differentiate into DCs upon entry into 

inflamed peripheral tissues and associated secondary lymphoid organs, also release 

inflammatory cytokines and chemokines during infection (16). Not surprisingly, given their 

ability to produce cytokines and chemokines, pDCs and mo-DCs play important roles in 

innate inflammatory responses (15, 16). However, these DC subsets are not typically 

considered be major contributors to T cell priming. Instead, that role is assumed by the 

cDCs, which are the primary APCs to initiate and shape T cell immune responses (12).

Since activation and differentiation of naïve T cell into effectors that are exquisitely tailored 

to respond to specific pathogens relies on encounters between the rare peptide-specific T 

cells with cDCs presenting the relevant peptide, the localization of both the cDCs and T cells 

must be highly orchestrated. cDCs are strategically located at sites of pathogen entry, such as 

mucosal surfaces like the skin, intestine and lungs, or at portals for blood-borne pathogens 

and Ags, such as the splenic marginal zone (1, 17). The DCs present in peripheral tissues 

continuously sample their surrounding environment for invading pathogens and, upon 

encountering pathogens and/or damage, the DCs are activated and migrate to secondary 

lymphoid organs, such as the regional lymph nodes (LNs). Once localized in the secondary 

lymphoid tissues, Ag-bearing cDCs specifically home to different niches or 

microenvironments within the lymphoid tissue, where the DCs can encounter and present 

Ags to the rare pathogen-specific T cells. The coordinated migration of the cDCs and T cells 

to different anatomic regions of the secondary lymphoid tissues is controlled by G protein-

coupled chemoattractant/chemokine receptors, which are expressed by the DCs and T cells, 

as well as the ligands of these receptors, which are produced in a location-specific manner 

by other hematopoietic and non-hematopoietic cells (17). Importantly, these chemokine 

producing cells also provide other soluble and membrane-associated signals that can 

influence the nature and quality of the DC-T cell interactions in the different lymphoid tissue 

niches. Therefore, in addition to the three classical signals delivered by the DCs to naïve T 
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cells, other microenvironment or location-specific signals derived from the anatomic region 

of the lymphoid tissue in which the DCs and T cells co-localize may contribute to the fine-

tuned control of T cell proliferation, differentiation and function in vivo. This review will 

highlight the mechanisms that control the migration and localization of cDCs and T cells in 

different microenvironmental niches within secondary lymphoid tissues and will dissect how 

crosstalk between DCs and T cells in these niches provide unique and specialized signals 

that ultimately shape the ensuing T cell response. Although DCs can initiate multiple flavors 

of both CD4+ and CD8+ T cell responses, this review will focus on the specific 

microenvironment-sensitive requirements for the priming of Th1, Th2, and IL-4 producing 

Tfh cells.

T cell priming in secondary lymphoid tissues – does one location fit all?

It is well established that activation and priming of naïve T cells occurs when the rare Ag-

specific T cells encounter Ag-presenting cDCs within the confines of secondary lymphoid 

tissues (18, 19). It is also appreciated that the organization of secondary lymphoid tissues 

into distinct specialized cellular compartments and structures (20) facilitates these cognate 

encounters between Ag-presenting DCs and T cells. The functional importance of the T cell-

DC encounters within a specific anatomic region of the secondary lymphoid tissues, referred 

to as the T cell zone, was first shown in homozygous plt/plt (paucity of lymph node T cell) 

mice, which lack the capacity to produce ligands of the CCR7 chemokine receptor in the T 

cell zone (21–23). The loss of these ligands in plt/plt mice not only impaired the recruitment 

of CCR7-expressing DCs and T cells to the T cell zone of the LN but also attenuated Th1 

cell responses (24, 25). These data, along with studies using mice lacking CCR7 expression 

by DCs (26, 27), nicely demonstrate that CCR7-expressing DCs and T cells initiate T cell 

responses, particularly Th1 cell responses, in the T cell zone of secondary lymphoid tissues. 

Although this T cell priming model can be found in essentially all introductory immunology 

textbooks, a more in-depth analysis of plt/plt and CCR7 deficient mice reveal that some T 

cell responses remain intact even when T cells and DCs do not colocalize in the T cell zone. 

For example, CD8+ T cell responses, particularly when primed in the spleen, are fully 

functional in plt/plt and CCR7-deficient mice following infection or immunization (25, 28, 

29). Likewise, plt/plt mice do not show obvious defects in the induction of Th2 cell 

responses or Tfh cell responses, as they display normal Th2 cytokine production by CD4+ T 

cells (30) and Ig class switch (28) after intestinal helminth and viral infection, respectively. 

Moreover, defective CCR7 signaling in lymphoid tissues, as seen in plt/plt and Ccr7−/− mice, 

can, in some experimental settings enhance Th2 cell responses and Tfh cell driven-B cell 

responses (31–33). These data, therefore, raise the intriguing possibility that the accepted 

model of T cell priming by DCs within the T cell zone of secondary lymphoid tissues may 

not reflect all the different niches in which DCs and T cells may interact in secondary 

lymphoid tissues. In the following sections we will review evidence supporting a modified 

model in which Ag-presenting cDCs, which localize within different microenvironmental 

niches in the LN (Figure 1) or spleen (Figure 2), exert distinct location-specific effects on 

CD4+ T cells and thereby influence the differentiation and function of these T cells.
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Conventional DC subsets.

The primary Ag-presenting DC subset, i.e. cDCs, is generated from blood circulating 

precursors (12). These cDC precursors either enter into peripheral tissues, such as the skin 

and mucosal surfaces, or exit the bloodstream directly into secondary lymphoid organs, like 

LNs and spleen (12). The precursors that migrate directly into the secondary lymphoid 

organs from the blood differentiate into resident DCs (rDCs), which will remain within the 

lymphoid tissue throughout their life span (12). On the other hand, the cDC precursors that 

migrate into peripheral tissues give rise to tissue-derived migratory DCs (mDCs). The 

mDCs, which have been described as the sentinels of the immune system, are triggered 

under both steady state and inflammatory conditions to leave the peripheral tissue and 

migrate through afferent lymphatics to the draining LN, where they will encounter and 

present Ags to naïve T cells (12). Both rDCs and mDCs can be further subdivided based on 

differential expression of fate-specifying IRF transcription factors. These subsets include the 

IRF8-expressing cDCs (cDC1 cells) and IRF4-expressing cDCs (cDC2 cells) (14). The 

IRF4+ resident and migratory cDC2 cells share common developmental requirements (11, 

14) and express CD11b while the IRF8+ cDC1 cells lack CD11b and instead express CD103 

(mDCs) and/or CD8α (rDCs) (11). Initially, the cDC1 cells were thought to mediate cross-

presentation to CD8+ T cells for immune defense against intracellular viruses and bacteria 

and for tumor surveillance (34–40). By contrast, the cDC2 cells were described as the 

primary Ag-presenting cells (APCs) for CD4+ T cells (37, 41–43). However, as our current 

understanding of the division of labor between DCs subsets grows (12, 44), it is now clear 

that cDC1 and cDC2 cells display overlapping roles in CD4+ and CD8+ T cell activation, 

tolerance induction and differentiation. The distinct functional attributes of the cDC1 and 

cDC2 subsets are controlled, at least in part, by differences in (i) expression of the receptors 

that capture Ags, (ii) the signals that activate each subset, (iii) the timing of activation of 

each subset during the immune response and (iv) the capacity of each subset to respond to 

different migratory cues (12, 44–49). In the next sections we focus our attention on how the 

differential trafficking of each DC subset to different sub-anatomic regions of lymphoid 

tissues modulates CD4+ T cell immunity.

CCR7 controls homing of migratory cDCs to LNs under steady state and in response to 
specific inflammatory stimuli.

Migratory cDCs, i.e. mDCs, are strategically positioned at the body barriers such as the skin 

and mucosal sites, like the gastrointestinal and respiratory tracts (12). To ensure that the Ag-

bearing mDCs and Ag-specific naïve T cells find one another, mDCs must undertake 

multiple migratory steps (Figure 1). First, the mDCs must leave the tissue and enter the 

afferent lymphatics (50–52). Second, the mDCs must transit through the afferent lymphatics 

and enter the LN (53, 54). Finally, the mDCs must traffic to the appropriate niche(s) within 

the LN where the DCs can interact with Ag-specific T cells (24, 53). The chemokine 

receptor CCR7 (52) and one of its ligands, CCL21, are critical regulators of the first 

migratory step and control entry of the CCR7-expressing mDCs into afferent lymphatic 

vessels under steady state and inflammatory conditions (55). CCL21 is encoded by two 

genes in mice (22), which can be distinguished by a single nucleotide change that results in a 

leucine to serine substitution at position 65 (CCL21-Leu and CCL21-Ser). Although both 

forms of CCL21 can be immobilized to extracellular matrix proteins through a C-terminal 
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heparin sulfate-binding domain (56–59) and can elicit equivalent chemotactic activity (60), 

the two forms of CCL21 are differentially expressed in lymphoid and nonlymphoid tissues 

(61). The CCL21-Leu chemokine, but not the CCL21-Ser chemokine, is constitutively 

expressed by lymphatic endothelial cells (22, 23, 25) and is immobilized on the basement 

membrane of the initial capillary lymphatic vessels. Thus, the CCL21-Leu form is required 

to promote transmigration and entry of the tissue mDCs into the afferent lymphatics and 

does so by facilitating the chemotaxis, adhesion and arrest of the mDCs (62, 63).

Once inside the lymphatic vessels, it has been long suggested that mDCs are passively and 

rapidly swept along the lymph flow and delivered into the subcapsular sinus of the LN (64). 

While it is true that intralymphatic migrating tissue mDCs can flow passively within the 

large collecting and afferent lymphatics that lead to the draining LN (62), more recent data 

indicate that DCs actively crawl, while in close contact with the lymphatic endothelium, 

from the initial capillaries toward the collecting vessels (62, 65). This migration is also 

dependent on CCR7 expression by the DCs (62, 65).

It is estimated that under steady state conditions approximately 5% of all CD11c+ DCs 

residing in peripheral LNs are new arrivals from the tissues each day (66). Since mDCs 

require CCR7 to home to the draining LNs (50–52) and since CCL21-Leu is constitutively 

expressed by lymphatic vessels (61), the main factor influencing the migration of cDCs from 

the tissues to the draining LN is the regulated expression of CCR7 by the mDCs. CCR7 is 

expressed at low levels in immature DCs, however, its expression can be further induced 

under steady state and in the setting of inflammation (55). Although the mechanisms that 

trigger upregulation of CCR7 on resting cDCs under steady state conditions are not well 

understood (55), recent data reveal that a novel NF-κB-regulated gene network, which is 

driven by IκB kinase β (IKKβ), seems to control the expression of CCR7 and the steady-

state accumulation of mDCs in draining LNs (67). These data therefore suggest that 

upregulation of CCR7 in tissue mDCs under homeostasic conditions is tightly controlled by 

a distinct NF-κB regulatory gene network specific to steady-state mDCs.

NF-κB signaling is also activated following inflammation (68) and inflammatory mediators 

produced upon infection also potently induce CCR7 upregulation by tissue mDCs (69-75). 

These CCR7-inducing stimuli include pathogen-associated molecular patterns (PAMPs), 

which are directly recognized by pattern-recognition receptors (PRR)s expressed on mDCs 

(69, 70, 75). In addition, inflammatory mediators such as tumor necrosis factor (TNF), 

interleukin 1 (IL-1), and eicosanoids can promote CCR7 expression on mDC (69-75). Thus, 

DCs that have been stimulated by microbial products and proinflammatory cytokines 

undergo phenotypic and functional changes that greatly augment their capacity to enter the 

afferent lymphatics and migrate to regional LN.

Homing of Th2-inducing mDCs to LNs requires cooperation between chemokine receptors.

Although CCR7 upregulation by mDCs under steady state and following exposure to stimuli 

that lead to Th1, Th17 and pTreg cell development is clearly important for the trafficking of 

these mDCs to LNs (55), mDCs can also respond to stimuli like parasitic infections and 

allergen exposure that do not induce high levels of CCR7 expression by the mDCs (30, 76). 

Despite the relatively low expression of CCR7 by these allergen and nematode-activated 
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mDCs, CCR7 still appears to play an important role in directing the migration of these cells 

to the draining LN as it is reported that migration of allergen-activated mDCs from the skin 

to the draining LN requires CCR7 (76). However, another G protein coupled chemokine 

receptor, CCR8, is also required for mDC emigration from the skin and, in fact, appears to 

augment the CCR7-induced migratory capacity of the mDCs (76). Similarly, sphingosine-1-

phosphate (S1P), a lipid-signaling molecule that binds five G protein-coupled sphingosine-1-

phosphate receptor subtypes (S1PR1–5) (77), is required for mDC migration into the LN in 

the setting of Th2 immune responses (78). This study, which used an ovalbumin-induced 

Th2-driven murine asthma model, demonstrated that S1P signaling significantly enhances 

mDC migration from the lung to the draining mediastinal LN and potentiates the priming of 

allergen-specific Th2 cells within the LN (78). Interestingly, S1P signaling not only 

regulates DC trafficking but also modulates cytokine production by the DCs and ultimately 

influences the capacity of the DCs to induce a Th2 dominant response (79). Collectively, 

these data suggest that the trafficking of mDCs activated by Th2-inducing stimuli may 

require multiple receptors that play complementary and cooperative roles (Figure 1). 

Furthermore, the data predict that while CCR7 and its ligands can direct the emigration of 

mDCs from peripheral tissues under steady state and inflammatory conditions, these CCR7-

directed signals are necessary but not sufficient to guide mDCs following exposure to stimuli 

that induce Th2 cell development. The requirement for additional, non-CCR7 cues to guide 

allergen and nematode-activated mDCs to the LN suggest that the stimuli that initiate Th2 

cell responses do not optimally engage the regulatory networks that control CCR7 

expression and signaling.

Anatomy and organization of the LN.

Tissue-derived mDCs reach the draining LN via afferent lymphatics in response to CCR7 

signaling, alone or in combination with other chemoattractant signals. However, upon arrival 

to the LN, different mechanisms control how the mDCs will enter the LN and migrate to the 

appropriate niche. To better understand how these migratory steps are controlled, we will 

first review the anatomic features of LNs (Figure 1). In order to facilitate direct 

communication between Ags, professional APCs and Ag-specific B and T cells, LNs are 

organized into distinct specialized cellular compartments and structures (20). The LN can be 

subdivided into multiple distinct anatomic regions that extend from the edge of the LN to the 

innermost region of the tissue. These regions include: the subcapsular (or marginal) sinus, 

which lines the outer edge of the LN, the parenchyma, which includes the outer (cortex) and 

middle zones (paracortex) and the medulla, which includes the deep inner zone of the LN 

(20). While the subcapsular sinus is lined by specialized macrophage populations, the 

cortex, or outer zone, contains the B cell area where the B cells reside and are organized into 

compact and tightly packed B cell follicles. The paracortex is mostly populated by T cells 

and the medullary cords or inner zone contains macrophages, plasma cells, T cells and some 

DC populations. All these anatomic regions are maintained by a network of non-lymphoid 

stromal cells that not only provide structural support but also actively influence immune 

responses (80). Among the cells that are critical for generating this backbone are the 

fibroblastic reticular cells (FRCs) present in the T cell area (81), the marginal reticular cells 

(MRCs) that are enriched in the perifollicular region adjacent to B cell follicles (81) and the 

follicular dendritic cells (FDCs) that are present in the B cell follicles (82).
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Entry of cells into the LN is broadly controlled by two different processes (Figure 1). 

Circulating B and T cells enter the LN through specialized high endothelial venules (HEV) 

that are located in the paracortex (20), while cells that are in tissues, like the mDCs, enter the 

LN through the afferent lymphatics (17) that empty into the subcapsular sinus, which is 

located at the outer edge of the LN, between the capsule and the cortex. Although entry of 

cells into the LN occurs by multiple mechanisms, cells exit the LN by the same pathway 

(20), which requires transiting through the LN via the cortical and medullary sinuses to the 

efferent lymphatics that are found in the central medullary region. Cells that enter the 

efferent lymphatics can eventually reach the blood stream and recirculate to other tissues.

Multiple chemokine receptors mediate entry of migratory cDCs to LN.

Once mDCs enter the LN subcapsular sinus through the afferent lymphatics, the cells must 

overcome the barrier imposed by the subcapsular sinus floor that is lined by LYVE-1-

expressing lymphatic endothelial cells (83) and resident CD169+ macrophages (84). 

Published data indicate that mDCs overcome this barrier in a CCR7-dependent manner by 

responding to CCL21, particularly, the CCL21-Ser form, which is expressed in the 

subcapsular sinus and paracortex or T cell zone of the LN (54). CCL21, which is a ligand for 

both CCR7 and the chemokine receptor ACKR4 (also commonly referred to as CCRL1 

(85)), is bound, internalized and degraded by the CCRL1-expressing subcapsular sinus 

ceiling lymphatic endothelial cells (54). Since the subcapsular sinus floor lymphatic 

endothelial cells do not express CCRL1 (54), a CCL21 gradient across subcapsular sinus 

floor is established. This CCRL1-controlled CCL21 gradient is functionally important for 

the tissue-derived mDCs that upregulate CCR7 under steady state or following exposure to 

inflammatory PAMPs. For example, CCR7-expressing mDCs accumulate in the subcapsular 

sinus of CCRL1 deficient mice and are unable to penetrate into the parenchyma (54). 

Similarly, DCs accumulate in the subcapsular sinus rather than migrating to the LN 

parenchyma in the LN of mice that are unable to produce the CCR7 ligands that are 

normally expressed in lymphoid tissues (CCL21-Ser and CCL19) (24), due to a homozygous 

mutation (plt/plt) that disrupts these two genes but leave the CCL21-Leu gene intact (21–

23).

Although the CCR7-CCRL1-CCL21 axis is clearly important for mDC entry into the LN 

tissue, DC intrinsic expression of CCR7 may not be sufficient to allow all types of mDCs to 

enter the LN parenchyma. As discussed earlier, mDCs responding to infections and allergens 

that induce Th2 cell responses express less CCR7 (30, 76) and require signals from 

additional chemokines, like CCL8 or S1P (76, 78), to enter the afferent lymphatics. 

Similarly, it was reported that the CCR8 ligand, CCL8, which is expressed by subcapsular 

sinus CD169+SIGN-R1+ macrophages, synergizes with CCL21 to promote the emigration of 

tissue mDCs out of the LN subcapsular sinus and into the LN parenchyma (76). Thus, while 

CCL21 plays an important role in the trafficking of most tissue-derived mDCs to the LN and 

into the LN parenchyma, there is a variable requirement for other migratory cues (Figure 1), 

which is most likely controlled by the pathogen and inflammatory stimuli delivered to the 

mDCs.
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Differential chemokine receptor expression controls migratory cDC localization within the 
LN and impacts T cell fate decisions.

Upon entry into the LN parenchyma, tissue mDCs can move into the paracortex (T cell 

zone) to interact with incoming naïve T cells (Figure 1). This process is guided by two 

CCR7 ligands, CCL19 and CCL21-Ser, which are strongly expressed in and around HEVs 

by the HEV and FRCs (20). This CCR7-dependent process of moving tissue-derived mDCs 

into the T cell zone of the LN takes place under steady state and in response to pathogens 

that drive Th1 cell immunity. Under homeostatic conditions, CCR7-regulated migration of 

tissue mDCs to the T cell zone plays a dominant role in maintaining tolerance and immune 

homeostasis (55). By contrast, in the setting of infection with a Th1-inducing pathogen, 

CCR7-dependent migration of tissue-derived mDCs to the T cell zone of LN results in the 

activation and differentiation of Th1 effector cells (55).

Although tissue mDCs are typically depicted in textbooks as migrating to the T cell zone of 

the LN, we now know that DCs also localize in other anatomic sites within the LN. For 

example, immediately following exposure to stimuli that induce Th1 immunity, mDCs 

migrate to the T cell zone, in a CCR7 dependent fashion (18, 30, 86–88). However, later in 

the immune response, the mDCs migrate farther into the LN tissue and take up residence in 

the deep paracortex and inner medullary region (89), where they continue to interact with T 

cells that have also migrated to this region (Figure 1). Moreover, following allergen exposure 

or nematode infection, tissue-derived Ag-bearing mDCs are preferentially attracted to the 

border of the B cell follicles and T cell zone (T-B border) and to the area between B cell 

follicles (perifollicular region) rather than to the T cell zone (30, 90, 91). Interestingly, we 

found that the mDCs that induce Th2 cell development in response to nematode infection 

up-regulate the expression of the chemokine receptor CXCR5 (30). The ligand of CXCR5, 

CXCL13, which is constitutively produced by stromal-derived FDCs that underlie the B cell 

follicles, plays a crucial role in organizing the LN architecture by attracting CXCR5-

expressing B cells to form the B cell follicles (82). Following nematode infection, the 

CXCR5-expressing tissue-derived mDCs become responsive to CXCL13 and migrate into 

the CXCL13-containing perifollicular areas of the LN (30). Although it is known that CCR7 

can counteract CXCR5-induced chemotaxis (92), the mDCs responding to nematode 

infection do not move into the T cell area (30). This is likely due, at least in part, to the fact 

that tissue-derived mDCs that prime Th2 cell responses express lower levels of CCR7 (30, 

43, 76). Moreover, the CXCL13 gradient in the perifollicular region may be enhanced 

following exposure to allergens and pathogens that drive Th2 cell responses. In support of 

this hypothesis, migration of the CXCR5-expressing tissue-derived mDCs to the 

perifollicular region is also controlled by Ag-activated lymphotoxin-α (LT)-producing B 

cells (30). LT, a member of the TNF family of cytokines, induces and boosts expression 

CXCL13 by the FDCs via a positive-feedback loop (93). Thus, in the absence of DC 

intrinsic CXCR5 expression, or B cells or B cell-derived LT, mDC localization in the 

perifollicular region of the LN is ablated and, most importantly, Th2 cell responses are 

compromised (30).

CXCR5 expression by the DCs may also play an important role in the development of Tfh 

cells as our data suggest that CXCR5+ DCs are required for the development of IL-4+ CD4+ 
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T cells expressing canonical Tfh markers, like BCL-6 and CXCR5 (30). Therefore, we 

speculate that the priming of both Th2 and some Tfh cell responses is initiated by tissue 

CXCR5+ mDCs within perifollicular zone of secondary lymphoid organs (Figure 1). 

Consistent with this hypothesis, it is reported that priming of Tfh cells following peripheral 

immunization is initiated in the perifollicular zone (94). Moreover, DCs transduced with a 

CXCR5-containing retrovirus, which gain responsiveness to CXCL13 and localize to the 

perifollicular areas of the draining LN after subcutaneous injection, induce T cell-dependent 

B cell antibody responses in this location (95). Collectively, the evidence suggests that the 

paracortex or T cell area of the LN is a specialized microenvironment that contributes to the 

effective priming of Th1 cell responses by CCR7-expressing mDCs. By contrast, the 

specialized microenvironment of the perifollicular region may favor the priming of Th2 and 

some Tfh cells by peripheral tissue-derived mDCs that express lower levels of CCR7 and 

have upregulated CXCR5 and CCR8.

Positioning of migratory cDC1 and cDC2 cells in the LN.

Both subsets of mDCs, the CD103+ cDC1 cells and the CD11b+ cDC2 cells are found in 

LN. Interestingly, high CCR7 expression levels are most often observed in migratory cDC1 

cells, both during steady state (96) and upon inflammation (43, 97, 98). cDC2 cells, on the 

other hand, seem to be more flexible in their capacity to modulate expression of CCR7 and 

other chemokine receptors (30, 76, 99). These data suggest that the migratory cDC2 subset 

may have the ability to home to either the T cell zone (86, 100) or the perifollicular region of 

the LN (30, 76) and that this capacity may be dictated by the kind of stimulus or 

microorganisms to which the cDC2 cells were exposed. In support of this concept, 

unpublished data from our labs show that, following nematode infection, the migratory 

CD11b+ cDC2 cells express lower levels of CCR7 relative to the CD103+ cDC1 cells and 

the cDC2 cells, but not cDC1 cells, upregulate CXCR5. This result is consistent with 

published data showing that tissue-derived migratory cDC2 cells preferentially induce Th2 

cell responses in multiple mouse models, including parasitic infections, protease allergen 

skin immunizations and allergic airway disease induced by allergen extracts (43, 101–107). 

Migratory cDC2 cells are also responsible for priming of Tfh cells (108), which is initiated 

in the perifollicular zone of the LN (94) following peripheral immunization. Thus, the data 

supports a model in which Th1 cell responses are initiated largely by the migratory CCR7+ 

cDC1 cells that localize in the T cell areas of the LN while the induction of Tfh and Th2 cell 

immunity is facilitated by interactions between the migratory cDC2 cells and T cells within 

the perifollicular region in close proximity to B cell follicles (Figure 1).

Positioning of resident cDC subsets in the spleen.

CD4+ T cell responses to blood-borne Ags and pathogens are initiated in the spleen (109). 

The spleen (Figure 2), which acts as a filter for the blood, is organized into the red and white 

pulp regions that are separated by an interface called the marginal zone (MZ (109)). The 

splenic white pulp is similar to the LN parenchyma as it contains a T cell zone and B cell 

follicles that are colonized by circulating T cells and B cells that enter the spleen through the 

marginal zone (109). Similar to the LN, once in the spleen the CCR7-expressing T cells 

respond to CCL19 and CCL21 gradients and migrate to the T cell zone while the CXCR5+ B 

cells migrate to the B cell follicles in response to a CXCL13 gradient produced by the 

León and Lund Page 9

Immunol Rev. Author manuscript; available in PMC 2020 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



stromal FDCs (109). However, unlike LN where the tissue-derived Ags are transported by 

mDCs, in the spleen the resident cDCs take up and present Ags that arrive directly from the 

blood (109). The splenic rDCs, which arise from precursors that enter the spleen from 

circulation, are, along with the pDCs, the most prevalent DC population in the spleen (11). 

As in the LN, splenic rDCs can be subdivided into resident cDC1 and resident cDC2 

populations and again, similar to the migratory cDC1 and cDC2 cells found in the LN, the 

two splenic resident cDC subsets preferentially occupy distinct areas within the white pulp 

(110, 111). In mice, resting splenic resident cDC1 cells, which are CD8α+CD11b−, 

preferentially localize in the T cell zone of the white pulp. By contrast, the resting resident 

splenic cDC2 cells, which are CD11b+CD8α-, are more flexible in their localization and can 

be found not only in the T cell zone but also in the marginal zone bridging channels (110, 

111), which are located near the B cell follicles and connect the T cell zone of the white pulp 

to the marginal zone.

It is not known precisely how resident splenic cDC1 and cDC2 cells migrate from the 

marginal zone to the T cell zone in the white pulp, although published data suggest that 

intrasplenic migration of resident cDC1 cells requires CCR7 (Figure 2, (24). However, the 

requirement for CCR7 may not be absolute as others have found that trafficking of cDC1 

cells to the T cell zone of the spleen can occur in the absence of CCR7 signaling (112). 

Somewhat more is known about the factors that control the localization of resident cDC2 

cells in the marginal zone bridging channels (Figure 2). Splenic cDC2 cells express the G-

protein coupled Epstein-Barr virus-induced receptor 2 (EBI2). The ligand of EBI2, 7α,25-

dihydroxycholesterol (7α,25-OHC) (113, 114), is synthesized from cholesterol by enzymes 

that are expressed at the highest levels in the perifollicular regions, the interfollicular regions 

and the marginal zone bridging channels of the spleen and are repressed in the center of the 

B cell follicles (114). The EBI2-dependent positioning of resident cDC2 cells in the 

marginal zone bridging channels promotes maintenance of the cDC2 cells by facilitating 

signaling between the LTβR-expressing cDC2 cells and the LT-producing B cells that are 

located in close proximity (115, 116). This is reminiscent of the LN where the migratory 

CXCR5+ cDC2 cells localize in a CXCL13-and LT-dependent fashion adjacent to LT-

producing B cells (30). Thus, while the cues that position the splenic resident cDC2 cells 

and the LN migratory cDC2 cells adjacent to B cell follicles may be different, the 

maintenance of these DC populations is, in both cases, dependent on B cell-derived LT (30, 

115, 116), suggesting that migratory and resident cDC2 cells in the LN and splenic 

perifollicular microenvironment may need to interact with B cells (Figures 1–2).

The preferential localization of resident cDC2 cells in the splenic marginal zone bridging 

channels under steady state conditions allows these cells to rapidly access blood-borne Ags. 

Resident cDC2 cells can upregulate CCR7 following immunization (114), which allows the 

cells to move from the bridging channels into the T cell zone (117–119). However, in some 

settings resident cDC2 cells integrate signals from both EBI2 and CCR7 ligands. These 

opposing signals, which are strong enough to facilitate exit from the bridging channels but 

are not strong enough to allow entry into the T cell zone, mediate the repositioning of the 

Ag-engaged cDC2 cells to the T-B border (114). Thus, while the intra-LN trafficking of the 

migratory cDC2 cells seems to depend on balanced responsiveness of the cells to CXCR5 

and CCR7 ligands (Figure 1), the intra-splenic homing of resident cDC2 cells appears reliant 
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on the balanced responsiveness of these cells to EBI2 and CCR7 ligands (Figure 2). Since 

EBI2 can form heterodimers with CXCR5 and modulate CXCL13-mediated responses in B 

cells (120), it will be interesting to determine whether splenic resident cDC2 cells, like their 

migratory cDC2 LN counterparts, also express CXCR5 and/or CXCR5/EBI2 heterodimers 

and can respond to CXCL13.

Differential DC subset positioning within the spleen regulates programming of distinct 
CD4+ T cell subsets.

As described above, the cDC1 and cDC2 subsets found in spleen and LN, can in some 

settings, distribute to anatomically distinct regions of the tissue. Moreover, in the LN, the 

localization of the migratory cDC1 and cDC2 cells influences the type of CD4+ T cell 

response that will be generated (24, 30–33). Consistent with the LN data, splenic resident 

cDC1 and cDC2 cells also appear to preferentially initiate different types of T cell responses 

(Figure 2). Resident cDC1 cells control Th1 polarization in response to microbial stimuli, 

including LPS and Toxoplasma gondii, or to dead cell-associated Ags (39, 121). This fits 

with the finding that Th1 cells localize in the splenic T cell zone in a CCR7-dependent 

manner (122) and fits with LN data showing that Th1 cell responses are initiated in the 

CCL19/CCL21 expressing T cell zone (24). By contrast, splenic Th2 cells form rings around 

the B cell follicles (122), suggesting that splenic Th2 cell responses may be induced outside 

of the T cell zone. Moreover, mobilization of the resident cDC2 cells from marginal zone 

bridging channels to the T-B boundary is required for full-fledged Tfh cell differentiation 

and induction of antibody responses (113, 114, 123). Therefore, similar to the LN, the 

splenic T cell zone may be specialized for the generation of Th1 cell responses, whereas the 

perifollicular areas may favor Tfh and Th2 cell responses (Figure 2).

In summary, the collective data from LN (Figure 1) and spleen (Figure 2) supports a model 

in which both splenic resident cDC1 cells and LN migratory cDC1 cells express high levels 

of CCR7 and preferentially localize in the T cell zones where these cells initiate Th1 cell 

responses. By contrast, the LN migratory cDC2 cells and resident splenic cDC2 cells can 

either enter the T cell zone or can upregulate additional chemokine receptors that allow them 

to position themselves outside of the T cell zone, near B cell follicles. This more flexible 

migratory program, which is likely dictated by the initial stimuli the cDC2 cells encounter, 

facilitate cDC2 cell priming of Th2 and some Tfh cell immune responses in the 

perifollicular microenvironment.

Sequential encounters with DCs in different LN niches promote optimal Th1 cell 
development.

Differentiation of CD4+ T cells into fully functional Th1 effectors requires long-term 

interactions between CD4+ T cells and mDCs that deliver durable TCR/pMHCII 

engagement and strong CD28-CD80/86 co-stimulation (124). The integration of these 

signals induces the expression of the IL-12 receptor heterodimeric complex by the CD4+ T 

cells. This, in turn, allows the T cells to efficiently sense IL-12 produced by the DCs (124) 

and induce expression of T-bet, the transcription factor that controls the Th1 regulatory gene 

network (4). As described earlier, published data show that CCR7-mediated signals in the 

LN are also critical for the initiation of Th1 cell responses (24). While there is an 
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appreciation for the important role that CCR7 and its ligands play in controlling the 

colocalization of CD4+ T cells and DCs within the T cell area, there is also a growing 

awareness that the CCR7 ligands, CCL21 and CCL19, provide signals to the DCs and T 

cells that enhance T cell activation and Th1 cell polarization in the LN. For example, CCL19 

and CCL21 signals enhance DC function by promoting endocytosis (125) and dendrite 

extension (126) and by inhibiting DC apoptosis (127). Moreover, CCL19 signals to CCR7+ 

LPS-activated mDCs enhance Th1 cell development by facilitating up-regulation of the co-

stimulatory molecules CD80 and CD86 on the DCs and inducing the DCs to produce IL-12 

(128). Similarly, CCL21 delivers direct co-stimulatory signals to CCR7+ T cells during early 

TCR activation, leading to enhanced proliferation of the T cells as well as IFNγ production 

and Th1 cell polarization (129, 130). Although the data are compelling that CCL19 and 

CCL21 mediated signals directly or indirectly support Th1 cell development, more recent 

data suggest that maximal IFNγ production by Th1 cells may be controlled by a two-step 

process (Figure 1) that requires movement of T cells from one niche to another within the 

LN (89). Based on the available data we speculate that in a first step, DCs and T cells co-

localize in a CCR7-dependent manner in the T cell zone where the T cells and DCs each 

respond to CCL19 and CCL21 signals (128–130). In this niche, the T cells are programmed 

by the Ag-presenting mDCs to undergo initial activation and produce a rapid pulse of IFNγ. 

This burst in IFNγ can induce autocrine upregulation of the IFNγ-responsive Cxcr3 gene 

and CXCR3 expression by the T cells (131). In a second step, the CXCR3+ T cells are 

attracted to the deep paracortex and medullary region of the LN by mDCs in this region that 

are producing the CXCR3 ligand, CXCL10. It is only upon interaction with these medullary-

localized mDCs that the T cells reach their full effector potential and acquire the capacity to 

produce maximal levels of IFNγ (89).

This requirement for the T cells and DCs to interact in two niches within the LN is 

consistent with reports showing that CD4+ T cells undergoing Th1 cell commitment are 

activated by Ag-bearing DCs in two phases (124). The first phase, which results in the initial 

activation of the T cells, is characterized by transient T cell interactions with DCs in which T 

cells integrate the antigenic stimulus from each DC encounter (132–134). The second phase, 

which is important for optimal proliferation (124), increased responsiveness to polarizing 

cytokines (124) and full Th1 effector capacity with maximal IFNγ production (132, 135), is 

exemplified by stable and long-lasting interactions between the activated T cells and a single 

DC (132, 133). Given the requirement that developing Th1 cells undergo two types of 

temporally distinct interactions with DCs, and the fact that developing Th1 cells migrate 

sequentially to different niches within the LN, it is possible that the movement of the T cells 

between these niches facilitates these two different types of encounters with DCs (Figure 1). 

Consistent with this idea, it has been hypothesized that only transient T cell interactions with 

DCs can be supported within the T cell zone, since the pro-migratory signals mediated by 

CCR7 are reported to outcompete the TCR-triggered stop signals (136), Thus, while 

engagement of CCR7 by its ligands may promote the initial activation, proliferation and 

early IFNγ production by CD4+ T cells (129, 130), these CCR7 signals may interfere with 

the formation of the strong and durable T-DC interactions that are required for maximal 

effector function. However, if the activated T cells up-regulate CXCR3 (89) and down-

modulate expression of CCR7 (137), the cells can migrate deeper in the LN paracortex and 
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medullary regions where the activated T cells can interact with Ag-bearing CXCL10-

producing DCs that localize in these areas (89). Importantly, the CXCL10 produced by DCs 

seems to be important, not just for attracting the activated T cells to this LN niche, but also 

for directing the formation of long-lasting interactions between the DCs and T cells (89). 

These long-lasting interactions may be mediated by CXCL10 attracting the activated T cells 

away from the influence of CCR7 ligands in the T cell area and thereby minimizing the 

CCR7-mediated competition with TCR-triggered stop signals. Alternatively, the CXCL10 

produced by the mDCs that are present in the deep paracortex and inner medullary areas 

may enhance interactions that increase synapse formation between the DCs and T cells, 

thereby facilitating stable and productive communication between DCs and T cells that will 

ultimately lead to efficient T cell IFNγ production.

Although we understand how CXCL10 may direct activated CXCR3+ T cells from the T cell 

area to the deeper medullary region of the LN, the migration of mDCs between these two 

regions is less well described. Tissue-derived CD103+ cDC1 cells are reported to express 

high levels of CCR7 and to localize in the T cell areas of the LN (97, 98, 138), but only 

transiently at the beginning of the immune response (46, 138). By contrast, migratory 

CD11b+ cDC2 cells traffic from the peripheral sites to the LN, both at the beginning and 

during the later stages of the immune response. The migratory CD11b+ cDC2 cells are, as 

described earlier, more flexible in where they can localize within the LN, and, depending on 

how the cells were activated, can migrate to the perifollicular region (30, 90), the T cell area 

(30, 138) or even to the deep paracortex and medullary regions (139). During the later stages 

of the response it is the migratory CD11b+ cDC2 cells that are reported to produce CXCR3 

ligands in the medullary region of the LN (89). While we still do not know how these 

migratory cDC2 cells move into the inner zone of the LN, one possibility is that the 

migratory cDC2 cells may lose their responsiveness to the CCR7 ligands produced in the T 

cell area (140), which would potentially allow these cells to be attracted by chemoattractants 

produced in the inner medullary region of the LN. Interestingly, the lipid signaling molecule 

S1P is expressed at higher concentrations in the medullary region than in the T cell zone 

(141) and DCs express S1P receptors (78, 142). Thus, it is possible that DC migration into 

the inner medullary region of the LN could be controlled by the S1P/S1PR axis. Regardless, 

the data suggest a model in which CD103+ and CD11b+ migratory cDCs home to the 

draining LN in two temporally distinct waves and mediate different functional processes 

(Figure 1). We speculate that migratory CD103+ cDC1 cells, expressing high levels of CCR7 

and producing abundant IL-12 (12), rapidly migrate to the T cell areas of the LN to initiate T 

cell activation and early IFNγ production and CXCR3 upregulation by the T cells. By 

contrast, the CD11b+ cDC2 cells that also migrate to the LN in the second wave may 

preferentially localize within the deeper paracortex and medullary regions where they 

produce CXCL10, recruit the already activated CXCR3+ T cells and promote differentiation 

of fully functional IFNγ-producing Th1 effectors.

Th2 cell development requires CXCR5.

CCR7 and the CCR7 ligands, CCL21 and CCL19, provide location-specifying instructions 

and co-stimulatory cues that are critical for the development of Th1 cells (128–130). 

However, as discussed earlier, some CD4+ T cell responses develop and are maintained 
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outside of the lymphoid tissue T cell zone. In fact, Th2 cell responses are not impaired in 

animals that lack CCR7 signals in lymphoid tissues and, in some cases, these animals make 

an exacerbated Th2 cell response (30–33). Recent data reveal that induction of Th2 cell 

responses is driven preferentially by the tissue-derived migratory CD11b+ cDC2 subset (43, 

102–107) and we find that CXCR5 is upregulated specifically within the migratory CD11b+ 

cDC2 subset (unpublished) and is not expressed by the CD103+ cDC1 subset following 

nematode infection. These CXCR5+ cDC2 cells, which express lower levels of CCR7 

compared to the cDC1 cells (43, 96–98), accumulate in the subcapsular sinus and 

perifollicular areas of the LN and are not found in appreciable numbers in the T cell zone 

(30). We further showed that the CXCR5+ mDCs co-localize with T cells in the 

perifollicular region following nematode infection and that the induction of Th2 cell 

responses to this infection is dependent on CD4+ T cell intrinsic expression of CXCR5 

(Figure 1, (30)). These CXCR5-expressing Th2 precursors continue to express low levels of 

CCR7 and can thus potentially respond to CXCL13, which is found in B cell follicles, and 

CCL19, which is present in the T cell zone. This opposing responsiveness to these two 

chemokines likely prevents the entry of the Th2 precursors into both the B cell follicle and 

the T cell zone, resulting in the positioning of the Ag-engaged T cells in the perifollicular 

region of the LN (92). In support of this, multiple studies show that Th2 cells preferentially 

accumulate at the interface of the T-B cell border (30, 122, 143). These data therefore 

suggest that co-localization of migratory CD11b+ cDC2 cells and responding CD4+ T cells 

specifically within the LN perifollicular region is necessary for the establishment of Th2 cell 

responses. This idea is supported by our data showing that shifting the co-localization of the 

DCs and T cells from the perifollicular areas to the T cell zone, by eliminating CXCR5 

expression by DCs and CD4+ T cells, results in severely impaired Th2 cell responses 

following nematode infection (30). Thus, the early encounter and interaction of Ag-bearing 

migratory CD11b+ cDC2 cells and Ag-specific CD4+ T cells in the perifollicular areas, 

which is mediated by CXCR5 signaling in both cells, is an important determinant of Th2 

cell commitment (Figure 1).

The perifollicular microenvironment supports Th2 cell development.

The data showing that Th2 cell differentiation is dependent on location-specific signals 

received outside of the T cell zone gives rise to multiple predictions. First, CCR7 ligand-

directed co-stimulatory signals will not be critical for the APCs that initiate Th2 cell 

development and the CD4+ T cells that interact with these DCs. Second, DCs and T cells 

that interact in the perifollicular region of the LN may not receive T cell zone-specific 

signals that would normally repress Th2 cell development. Third, Th2 lineage commitment 

may be actively initiated by perifollicular region-specific signals. While there is much left to 

learn, the available data suggests that Th2 cell responses may be shaped by all three of these 

mechanisms. It is clear that the initial priming of Th2 cell development in most settings 

requires Ag presentation by DCs, particularly the Ag-presenting migratory CD11b+ cDC2 

cells (43, 102–107), rather than by other MHCII-expressing cells (43, 144, 145). Although 

there is abundant in vitro data showing that IL-4 stimulation directs expression of the Th2 

lineage-specifying transcription factor GATA-3 in activated CD4+ T cells (5), there is no 

compelling evidence to support a model in which the CD11b+ cDC2 subset, or indeed any 

other DC subset, provides IL-4 to the developing Th2 cells. In fact, CD4+ T cells with 
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impaired IL-4 receptor signaling can still develop into Th2 cells in vivo (146). Thus, while 

IL-4 may be critical for the expansion and maintenance of Th2 cells, perhaps by initiating an 

autocrine positive feedback loop that results in the enhanced expression of GATA-3 and 

stabilization of Th2 phenotype (147), it is unlikely that IL-4 plays an early role in Th2 

commitment.

If DCs are not providing IL-4 in the perifollicular region of the LN, then how might Th2 cell 

development be induced in this unique niche? Several studies suggest that Th2 cell 

differentiation may occur by a default pathway (147, 148), in which CD4+ T cells are 

programmed to differentiate into the Th2 lineage when activated by DCs that deliver weak 

TCR and co-stimulatory signals in the absence of producing polarizing cytokines, like IL-12 

(124, 148). This model predicts that the delivery of a strong CD28 co-stimulatory signal and 

the presence of IL-12 at the site of contact between T cells and Ag-presenting DCs blocks 

the default differentiation of activated T cells into Th2 cells and instead actively initiates 

Th1 cell commitment (124, 148, 149). Thus, optimal Th2 cell development is likely to be 

initiated in niches that do not support strong CD28-CD80/CD86 co-stimulatory interactions 

and IL-12 signaling. As discussed earlier, CXCR5+ DCs that migrate to the perifollicular 

areas of the LN, rather than in the T cell areas, will not be exposed to CCL19 and thus will 

not respond to CCL19 by maximally upregulating the co-stimulatory molecules CD80 and 

CD86 and secreting large quantities of IL-12 (128). Therefore, the perifollicular positioning 

of the DCs and CD4+ T cells could potentially prevent the mDCs from attaining a Th1 cell 

priming phenotype and thereby allow the default Th2 cell differentiation program to 

proceed. Alternatively, it is possible that other cell types that are present in the perifollicular 

microenvironment will provide additional distinct, niche-specific signals that further inhibit 

the capacity of DCs to induce Th1 cell differentiation. For example, B cells that are co-

localized with mDCs in the perifollicular region may prevent the mDCs from initiating Th1 

cell development by producing IL-10, which can inhibit DC IL-12 production (150–154).

Sequential interactions between T cells and Ag-presenting DCs and B cells in the 
perifollicular microenvironment support Th2 cell development.

It has been well documented both in vitro and in vivo that TCR signal strength can influence 

Th2 cell development. High affinity agonists or high dose peptide stimulations favor 

development of IFNγ-producing Th1 cells whereas stimulation with low dose peptide or 

weakly agonistic ligands favors development of IL-4-, IL-5-, and IL-13-producing Th2 cells 

(155–158). In vivo experiments reveal that CD4+ T cells undergoing Th1 cell polarization 

show longer periods of T cell-DC interaction and increased TCR-associated signaling 

compared to T cells undergoing Th2 cell commitment (124). These differences in TCR 

signal strength and duration of TCR engagement are important determinants controlling 

CD4+ T cell polarization as full Th1 cell induction and suppression of Th2 cell 

differentiation program requires increased TCR signal intensity (124). While these in vivo 
data using immunization protocols are compelling, it is not at all clear how signal strength is 

controlled in vivo in response to Th1 or Th2-inducing pathogens since it seems unlikely that 

the peptide/MHCII ligands from these different pathogens that are recognized by the TCRs 

are globally different in their affinity and abundance.
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One way in which APCs can regulate TCR signaling duration independently of the affinity 

or abundance of pMHCII complexes is by modulating the formation or maintenance of 

stable conjugates between the T cell and APC. As one example, the Signaling Lymphocytic 

Activation Molecule (SLAM) and SLAM-associated protein (SAP) complex can regulate the 

quality of T cell-APC interactions (159). Upon TCR ligation, the SLAM-SAP complex 

redistributes to the immunological synapse in T cells (160, 161) and brings protein kinase C-

theta (PKC-θ), a kinase that is constitutively associated with SAP, to the immune synapse 

(161). Active PKC-θ can attenuate T cell arrest signals (162) and thereby terminate stable 

synaptic interactions between DCs and T cells. Thus, activation of PKC-θ following 

antigenic stimulation and engagement of the SLAM-SAP signaling cascade (163) (160, 

161), results in brief interactions between DCs and T cells. This translates into weaker 

signals being delivered to the T cells – and conditions that favor Th2 cell development (164). 

Consistent with this, T cells from PKC-θ and SAP-deficient mice exhibit defective induction 

of GATA-3 following TCR engagement and poorly differentiate into IL-4-producing Th2 

cells (160, 161, 165, 166). By contrast, overexpression of SAP in T cells increases sustained 

recruitment of SAP-associated PKC-θ to the immune synapse and elevated IL-4 production 

after TCR plus SLAM-mediated stimulation (160). Taken together, these results suggest that 

SLAM engagement in T cells facilitates Th2 cell commitment by amplifying PKC-θ 
recruitment to the immunologic synapse, which will destabilize the APC-T cell contacts and 

reduce the strength of the Ag-dependent signals delivered to the T cells by the APCs.

Interestingly, SLAM is more highly expressed by B cells compared to DCs (167) and a 

selective defect in T cell communication with B cells, but not with DCs, has been reported in 

the absence of SLAM-SAP signaling (167). Therefore, it is possible that B cells provide this 

unique SLAM-dependent co-stimulatory signal that is required for Th2 cell differentiation 

and that co-localization of the CXCR5-expressing B cells, T cells and DCs in the 

perifollicular region allows for these B cell-controlled signals to be delivered to the T cells. 

Consistent with this, several studies show that Th2 cell responses are impaired in B cell 

deficient mice, transiently B cell depleted mice or in mice selectively MHC II deficient in B 

cells (30, 143, 151, 152, 168–172). Moreover, others have reported that Ag presentation 

solely by DCs does not induce optimal Th2 cell development (173, 174), suggesting that 

additional APCs are required to support the development or maintenance of Th2 cells. 

Therefore, we propose that optimal Th2 cell development, like Th1 cell development, 

requires sequential encounters with different APCs and that, in the case of Th2 induction, T 

cells require sequential and cooperative interactions with DCs and B cells (Figure 1). In our 

model CXCR5+ DCs that migrate to the perifollicular region of the LN will provide the 

initial antigenic stimulation that is required to initiate the Th2 cell differentiation program in 

naïve CD4+ T cells. This initial activation will facilitate retention of the CXCR5-expressing 

CD4+ T cells in this niche, which will allow for later encounters with Ag-presenting B cells 

(30) that provide additional signals to support full Th2 cell differentiation.

Development of IL-4-producing Tfh cells is initiated in the perifollicular region of the LN.

Our model (Figure 1) suggests that both Th1 and Th2 cell development are supported by 

sequential encounters between Ag-specific CD4+ T cells and different populations of APCs. 

In the case of Th1 cell development, we propose that T cells first interact with cDC1 cells in 
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the T cell zone and then cDC2 cells in the medullary region of the LN. In the case of Th2 

cell development, we propose that the T cells interact first with CXCR5+ cDC2 cells in the 

perifollicular region and then with the B cells in the same anatomic site. This model also fits 

well with Tfh cell development, which is known to require interactions with Ag-presenting 

DCs and later cognate encounters between Ag-presenting B cells and the developing Tfh 

cells (90). Furthermore, there are a number of reports demonstrating that development of 

Th2 and IL-4-producing Tfh (Tfh2 cells) cells is reliant on similar co-stimulatory signals (8, 

143, 172, 175, 176). For example, as described above, SLAM-SAP-controlled T-B cell 

interactions are not only required for Th2 cell differentiation (160, 161, 165) but are also 

necessary for the generation of IL-4-producing Tfh cells (167, 177). Given these similarities, 

we recently examined the developmental relationship between Th2 and Tfh2 cells. Using a 

mouse model of house dust mite (HDM) allergen exposure, we showed that initial intranasal 

sensitization with repetitive low dose HDM induces the differentiation and expansion of 

IL-4-producing Tfh2 cells in the LN (90, 101). Following HDM challenge, the IL-4-

committed Tfh2 cells rapidly differentiate into effector Th2 cells that home to the lung and 

produce Th2 cytokines (90, 101). Consistent with the idea that IL-4-committed Tfh2 cells 

may serve as a transitional intermediate that can be stimulated to undergo full effector Th2 

cell differentiation, it is reported that Th2 cell responses are impaired in mice lacking Tfh 

cells (178).

If the IL-4 producing Tfh2 cells are indeed precursors of Th2 cells, then we predicted that 

Tfh2 cell development is likely to occur in the perifollicular environment (Figure 1). 

Consistent with this hypothesis, we find that the priming of IL-4-producing Tfh2 cells after 

allergic airway sensitization to HDM occurs at the border of the B cell follicle where the T 

cells first interact with lung mDCs and then with B cells (90, 101). Moreover, our data in the 

nematode infection model (30) indicate that the CXCR5-expressing migratory CD11b+ 

cDC2 subset is required for both Th2 and Tfh2 cell development. These data fit well with 

published reports showing that the CD11b+ migratory cDC2 cells are the principal DC 

subset that captures and transports HDM-derived Ags from the lung into the LN for 

presentation to T cells (43) and that CD11b+ migratory cDC2 cells are essential for the 

efficient priming of Tfh cell responses after intranasal immunization (108). Similarly, the 

spleen resident CD11b+ cDC2 cells, which localize in the marginal zone bridging channels 

and perifollicular areas near B cells, are reported to initiate Tfh cell responses (123). This 

again suggests a model in which sequential Ag presentation to the T cells by DCs and then B 

cells may be necessary for Tfh cell differentiation in the spleen (Figure 2). However, while 

the perifollicular positioning of the migratory CXCR5-expressing CD11b+ cDC2 cells in the 

LN is controlled by the countervailing activities of CXCR5 and CCR7, the homing of the 

resident CD11b+ cDC2 cells to the T-B cell border in the spleen is, as discussed earlier, 

controlled by the opposing activities of the G-protein-coupled receptor EBI2 and CCR7 

(114). Taken together, the data support a model in which both Th2 and IL-4-committed Tfh2 

cell responses develop in the lymphoid tissue perifollicular areas and likely require initial 

priming by CD11b+ migratory cDC2 cells, followed by subsequent interactions with Ag-

presenting B cells that are also present within this microenvironmental niche (Figures 1–2). 

In addition, we speculate that sequential Ag presentation and specific co-stimulation first by 

DCs and then by B cells in the perifollicular region induces the development of a “type-2” 
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precursor that can give rise to Tfh2 and Th2 cells, with sustained interactions between B 

cells and the type-2 precursor reinforcing Tfh cell programming and transient interactions 

with B cells favoring Th2 cell differentiation.

Unanswered questions and future directions.

Our model predicts that sequential interactions between T cells and distinct populations of 

APCs that are present in different regions of the LN regulate the type of T cell response that 

will be generated. We propose that Th2 and Tfh2 cells develop from a common precursor 

that is initially primed by CD11b+ cDC2 cells in the perifollicular area of secondary 

lymphoid tissues and then further programmed by B cells also present in this niche. Finally, 

we postulate that Th2 cells can develop from previously formed Tfh2 cells. While each of 

these predictions are supported by experimental data, there is much still to be learned. For 

example, other studies reported that high dose allergen exposure induces lung-localized, 

CD4+ resident memory (Trm) cells that produce Th2 cytokines within the lung 

microenvironment (179) and that this response does not depend on B cell help. Given the 

requirement for B cells in Tfh cell development (176), this would argue that Th2 cells can 

develop independently of a Tfh cell intermediate (179, 180). By contrast, it is reported that 

exposure to lower and repetitive doses of intranasal allergens induces allergen-specific LN 

CD4+ T cells with characteristics of Tfh cells that appear to be reservoirs of Ag-specific 

memory CD4+ T cells in the LN that can significantly contribute to the secondary Th2 cell 

response (90, 101, 180). Therefore, it is possible that the Ag dose may influence whether 

Th2 cell development proceeds through a memory cell-like Tfh intermediate. In the future it 

will be interesting to determine whether the type-2 CD4+ Trm cells are induced by CD103+ 

migratory cDC1 cells, rather than by CD11b+ migratory cDC2 cells, as it has been described 

for the generation of CD8+ Trm cells (181). If so, it will be important to assess whether Ag 

dose differentially targets the different migratory DC subsets and to assess whether the 

type-2 CD4+ Trm cells are induced in the T cell zone or in the perifollicular area.

While type-2 Tfh and Th2 cells seem to preferentially localize in the perifollicular area, this 

region is not limited to supporting IL-4 committed T cell responses as other T cell subsets 

can migrate to this specific location. For example, NKT cells are constitutively localized in 

the perifollicular area (182) and CD8+ central memory T cells (Tcm) migrate away from the 

T cell zone to both the perifollicular region and medulla (183, 184) following exposure to 

antigens and pathogens that arrive in the LN through the lymph. Interestingly, migration of 

the CD8+ Tcm cells out of the T cell zone is controlled by CXCR3 and the CXCR3 ligands, 

CXCL9, which is preferentially localized in the perifollicular region (89, 183, 184) and 

CXCL10, which is most highly expressed in the medulla of the LN (89). Tcm cells that 

move to the perifollicular region rapidly produce IFNγ due, at least in part, to immediate 

exposure to cytokine and chemokine producing innate cells and Ag presenting DCs at the 

site of pathogen entry (182). Thus, the data suggest that the perifollicular region is not only 

able to support Th2/Tfh2 responses but can, at least in some settings, promote the 

differentiation of CD8+ Tcm cells into IFNγ-producing secondary effector cells.

If the perifollicular region of the LN can facilitate IFNγ-driven responses by CD8 T cells, 

can it also, under some circumstances, promote the development of IFNγ competent CD4+ 
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Th cells? In particular, we are intrigued by the IFNγ-competent peripheral Th (Tph) (185) 

and follicular Tfh cells (Tfh1 cells) (186), which are localized at the T-B border or in the B 

cell follicle and are found in the settings of vaccination, infection and chronic inflammation. 

Given that the CXCR3 ligand, CXCL9, can be expressed in the perifollicular region (89), 

and that CXCR3 is expressed by pre-Th1, Th1, Tph and Tfh1 cells, it is tempting to apply 

our sequential two step model of Th2 and Tfh2 development to Th1 and Tph or Tfh1 

development (Figure 1). In this model, pre-Th1 cells, located in the T cell zone interact in a 

transient fashion with Ag-presenting DCs, upregulate CXCR3 and then either migrate into 

the deep LN medullary region in response to CXCL10 or transit to the perifollicular T-B 

border in response to CXCL9. Those pre-Th1 cells that migrate into the perifollicular region 

will have the opportunity to interact with B cells present in this region, thereby allowing for 

full commitment of the pre-Th1 cells to Tfh1 cells. However, it is also possible that Tph and 

Tfh1 cells arise from CD4 T cells that are first primed by resident DCs, which are reported 

to localize in the medullary interfollicular regions (187), and then sustained through ongoing 

interactions with Ag-presenting B cells. In the future, it will be important to develop model 

systems to directly test these two possibilities.

Conclusions.

Although the data for Th1 cell development supports the textbook model depicting the initial 

priming of CD4+ T cells in the T cell zone of the LN or spleen, the model does not 

accurately capture the variable locations and full range of sequential T cell and APC 

interactions in the LN. DCs are the clearly the principal inducers of distinct functional 

subsets of CD4+ T cells, however the ultimate T cell differentiation decisions are dictated by 

the integration of multiple cues in the lymphoid microenvironment in which CD4+ T cells 

are first activated. These niche-specific cues affect the function and T cell stimulatory 

capacity of the DC subsets that present Ags in the secondary lymphoid tissues and provide 

the T cells with additional and unique differentiation signals. We propose that sequential 

interactions between T cells and different populations of APCs is a common feature of T cell 

differentiation, regardless of the type of T cell response that will ultimately be generated. In 

the case of Th1 cell differentiation, T cells may migrate between different anatomic regions 

of the secondary lymphoid tissues to interact with different DC subsets that can provide 

distinct types of co-stimulatory cytokine/chemokine signals. In the case of Th2 and Tfh2 

cells the sequential interactions with APCs are facilitated by moving the DC-T cell 

interactions away from the T cell zone. This movement may prevent inappropriate or overly 

vigorous co-stimulation by allowing the T cells to interact with another type of APC, the B 

cell. In the future it will be important to understand the specific signals that can be imparted 

(or not delivered) within these different lymphoid tissue microenvironments and to address 

how the microenvironment shapes that functionality of the DCs, that localize to these sites.
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Figure 1. Compartmentalization of Th1 and Th2 cell responses in the LN.
The LN supports the differentiation of naïve CD4+ T cells into multiple effector populations 

that exhibit distinct functional properties. We propose that the priming and full commitment 

of naïve CD4+ T cells to type 1 IFNγ-producing (Th1) and type 2 IL-4-producing (Th2 and 

Tfh2) subsets requires sequential encounters with different populations of APCs. 

Furthermore, we propose that development of Th1 and Tfh2/Th2 effector T cells requires 

compartmentalization of these T cell-APC encounters within different LN niches. This 

compartmentalization is achieved, at least in part, through distinct patterns of chemokine 

receptor expression by the Ag-presenting migratory cDC1 and cDC2 subsets. For the 

induction of Th2 cell immune responses (left), Ag-containing migratory cDC2 cells arrive 

the LN subcapsular sinus via the lymph through afferent lymphatic vessels by a mechanism 

that requires the cooperative function of CCR7, S1PR and CCR8 (1). cDC2 cells exit the 

subcapsular sinus and enter the LN parenchyma by the cooperative function of CCR7 and 

CCR8 (2). Once in the LN parenchyma, the high expression of CXCR5 and low expression 

of CCR7 on cDC2 cells allows their preferential localization adjacent to the B cell follicles, 

within the perifollicular region of the LN (3), where the cDC2 cells can interact with naïve 

CD4+ T cells that entered the LN through HEVs that are located in the paracortex and at the 

T-B border in the perifollicular region of the LN (a). Following this initial activation by the 

Ag-bearing cDC2 cells in the perifollicular region, the T cells upregulate CXCR5 (pre-Th2 

cells) (b), which prevents the activated T cells from entering the T cell zone and allows the T 

cells to undergo secondary interactions with Ag-presenting B cells. Those T cells that 

interact transiently with B cells can fully commit to the Th2 cell lineage while those T cells 

that undergo sustained interactions with B cells will differentiate into Tfh2 cells. Prolonged 

interactions with B cells allows for long-term maintenance of Tfh2 cells that retain the 

capacity to differentiate into effector Th2 cells following later encounters with Ag-

presenting DCs. By contrast, Th1 cell immune responses (right) are supported by Ag-

presenting migratory cDC1 cells or cDC2 cells that arrive in the subcapsular sinus of the LN 

(1), enter the LN parenchyma (2) and localize in the T cell area (3) via CCR7-mediated 

signaling. CD4+ T cells expressing CCR7 interact with cDCs in the T cell zone (a). This 

initial transient interaction induces the T cells to upregulate CXCR3 (pre-Th1 cells), which 
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promotes subsequent migration of the T cells to the medullary region of the LN (b), where 

the T cells can interact with Ag-presenting CXCL10-expressing cDC2 cells. This secondary 

sustained interaction between the pre-Th1 cells and the DCs is required for optimal and 

maximal effector Th1 cell differentiation. Alternatively, upregulation of CXCR3 and 

CXCR5 by pre-Th1 cells may facilitate migration of pre-Th1 cells to perifollicular area, 

where both CXCL9 and CXCL13 are expressed, and eventually to the CXCL13-expressing 

B cell follicle, where pre-Th1 cells interact with Ag-presenting B cells and differentiate into 

fully functional Tfh1 cells (c).
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Figure 2. Compartmentalization of Th1, Th2 and Tfh cell responses in the spleen.
In response to blood-borne Ags, white pulp regions in the spleen foster the activation and 

differentiation of naïve CD4+ T cells into Th subsets, including Th1, Th2 and Tfh cells. As 

in the LN, we propose that the development of these T cell subsets requires the 

compartmentalization of T cell-APC encounters within different niches in the splenic white 

pulp. The splenic DC subsets include the IFN-producing pDCs and the resident cDC1 and 

cDC2 cells. Resident cDC2 express EBI2 and preferentially localize in the marginal zone 

bridging channels (left) where the EBI2 ligand 7α,25-OHC is highly expressed and where 

the resident cDC2 cells can rapidly access blood-borne Ags. (1). Following exposure to Ags 

that promote Th2 and Tfh cell immune responses (left), resident cDC2 cells upregulate 

expression of CCR7, while simultaneously maintaining EBI2 expression. Dual expression of 

CCR7 and EBI2 allows for repositioning of the Ag-engaged cDC2 cells to the T-B border 

(2). At the T-B border, resident cDC2 cells interact with naïve CD4+ T cells that entered the 

splenic white pulp via the marginal bridging channels (a). Following this initial activation by 

the Ag-bearing resident cDC2 cells at the T-B border, the T cells can differentiate into either 

pre-Tfh cells or pre-Th2 cells. Pre-Tfh cells that up-regulate CXCR5 to high levels can, in 

turn, migrate into the B cell follicles (b) to undergo sustained interactions with B cells, 

which ultimately will lead to the full differentiation of Tfh cells. pre-Th2 cells that only 

undergo transient interactions with B cells at the T-B border will commit to the Th2 cell 

lineage (c). By contrast, Th1 cell immune responses (right) are supported by Ag-presenting 

resident cDC1 cells or cDC2 cells that move from the marginal bridging channels to the T 

cell area normally by CCR7-mediated signaling. This process is particularly enhanced under 

inflammatory conditions that promote further upregulation of CCR7 expression by the DCs 

or enhance CCL19/CCL21 ligand production by stromal cells within the T-area (1). CD4+ T 
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cells expressing CCR7 interact with resident cDCs in the T cell zone (a) where the activated 

T cells differentiate into Th1 cells.
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