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Summary
Secondary lymphoid organs (SLOs), including lymph nodes, Peyer's patches, and the spleen, have
evolved to bring cells of the immune system together. In these collaborative environments,
lymphocytes scan the surfaces of antigen-presenting cells for cognate antigens, while moving
along stromal networks. The cell-cell interactions between stromal and hematopoietic cells in
SLOs are therefore integral to the normal functioning of these tissues. Not only do stromal cells
physically construct SLO architecture, but they are essential for regulating hematopoietic
populations within these domains. Stromal cells interact closely with lymphocytes and dendritic
cells, providing scaffolds on which these cells migrate, and recruiting them into niches by
secreting chemokines. Within lymph nodes, stromal cell-ensheathed conduit networks transport
small antigens deep into the SLO parenchyma. More recently, stromal cells have been found to
induce peripheral CD8+ T-cell tolerance and control the extent to which newly activated T cells
proliferate within lymph nodes. Thus, stromal-hematopoietic crosstalk has important
consequences for regulating immune cell function within SLOs. In addition, stromal cell
interactions with hematopoietic cells, other stroma, and the inflammatory milieu have profound
effects on key stromal functions. Here, we examine ways in which these interactions within the
lymph node environment influence the adaptive immune response.
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Introduction
Hallmarks of adaptive immusnity include the capacity to generate potent antigen-specific
responses to diverse collections of pathogens and to develop immunological memory, which
confers continued protection against many of these invaders. T and B lymphocytes express
highly specific antigen recognition receptors that allow these cells to respond to infected
cells or invading pathogens without causing undue harm to healthy tissues. One of the
challenges facing the initiation of productive primary immune responses is that extremely
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few naive T cells recognize a given peptide-major histocompatibility complex (pMHC)
complex. In fact, studies have estimated that within the entire naive T-cell repertoire of a
mouse, only 20–1,200 T cells may be specific for a particular pMHC complex (1–3).
Therefore, a fundamental challenge that exists for generating primary immunity is how to
bring together rare antigen-specific T cells and their cognate antigens.

A clever solution to this problem involves highly organized secondary lymphoid organs
(SLOs), such as lymph nodes, Peyer's patches (PPs), and the spleen, which facilitate
immunosurveillance of tissue-derived or blood-borne antigens. Accordingly, rather than
patrolling the entire body in search of cognate antigens, lymphocytes may survey these
SLOs while still receiving representative information about the status of neighboring tissues.

Once naive lymphocytes enter SLOs, they must still actively traverse these specialized
structures in search of their cognate antigens. SLOs are complex, compartmentalized tissues
in which hematopoietic populations may interact. Lymph nodes, for example, can be divided
into cortical, paracortical, and medullary areas, each of which is characterized by the
presence of specific non-hematopoietic stromal subsets of mesenchymal and endothelial
origin (Fig. 1). Lymph node stromal cells (LNSCs) are a heterogeneous population that can
be divided into subclasses based on surface expression of the glycoproteins CD31 and
podoplanin (gp38) and their localization within lymph nodes: fibroblastic reticular cells
(FRCs)(gp38+CD31−), follicular dendritic cells (FDCs)(gp38+/−CD31−), lymphatic
endothelial cells (LECs)(gp38+CD31+), blood endothelial cells (BECs)(gp38−CD31+),
integrin α7

+ pericytes (IAPs)(gp38−CD31−ITGA7+), and a small proportion (<5%) of
otherwise undefined stroma (gp38−CD31−ITGA7−) (4, 5). FRCs, FDCs, and BECs can also
be found in other SLOs, where they are likely to exhibit characteristics similar to those of
their lymph node counterparts. We have also detected the presence of IAPs in primary
lymphoid organs such as the thymus, but it remains to be determined whether these cells
also exist in PPs and the spleen (authors’ unpublished data). Stromal cells have long been
recognized as key structural components of SLOs (6–8). In fact, for many years, stromal
cells of SLOs were believed to play purely structural roles in constructing and maintaining
SLO environments. More recently, however, we have come to understand many ways in
which stromal cells of SLOs interact with hematopoietic populations, actively influencing
the development of adaptive immune responses.

Indeed, we now know that hematopoietic cells do not exist in a void within SLOs, ignorant
of the many stromal populations that surround them. Rather, leukocytes are in continual,
close contact with different stromal subsets from the moment that they enter these tissues.
Accordingly, SLO-resident stromal cells have been observed to play profound roles in
promoting and regulating different aspects of adaptive immunity. Furthermore, this flow of
information is not unidirectional, as studies have demonstrated that even fundamental
functions of stromal cells are modulated by cues from hematopoietic cells, other stromal
cells, and more broadly the SLO environment. Here we explore how these various
interactions within lymph nodes affect adaptive immune responses, paying close attention to
the role of FRCs.

Stromal cells facilitate antigen delivery to lymph nodes
Stromal-hematopoietic interactions are crucial for lymph node development and antigen-
presentation in these organized tissues. In fact, crosstalk among lymphoid tissue inducer
cells, mesenchymal stromal organizer cells, and LECs induces the generation of lymph
nodes near branch points of blood vessels (reviewed in 9, 10). However, the mere existence
of naive lymphocyte-filled SLOs is not sufficient for the initiation of adaptive immune
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responses to invading pathogens in the periphery, as tissue-derived antigens must still gain
access to these specialized compartments.

Fortuitously, lymph nodes are integrated into the lymphatic system, which drains interstitial
fluid, or lymph, from tissues, ultimately returning it to the circulatory system. LECs form
the branched lymphatic vessels, with specialized tips, that connect tissues to draining lymph
nodes (11). Tissue-resident dendritic cells (DCs) have been found to migrate to draining
lymph nodes via these lymphatic vessels, actively carrying antigens from upstream tissues
(12–16). As DCs migrate to draining lymph nodes, they are in close contact with the LECs
that form the lymphatic vessels within which they travel (11, 17). These lymphatic vessels
have been found to increase expression of numerous cell adhesion molecules under
inflammatory conditions, promoting DC entry into these structures (18). However, DC entry
into afferent lymphatic vessels does not absolutely require integrin-mediated cell adhesion,
and imaging studies have revealed that these cells can enter initial lymphatic vessels through
gaps in the perilymphatic basement membrane (19, 20). Additionally, DCs have been shown
to adhere to LECs in vitro, and interestingly direct contact between DCs and inflamed LECs
leads to decreased levels of costimulatory molecule expression by DCs, highlighting
functional implications of these interactions (21). We have recently demonstrated that DC
migration to lymph nodes via lymphatic vessels is facilitated by interactions between the C-
type lectin receptor, CLEC2 (expressed by DCs), and its ligand gp38 (expressed by LECs
and FRCs) (4, 22, 23). In the absence of CLEC2-gp38 interactions, DC migration to lymph
nodes was impaired as was the developing T-cell response (22). Afferent lymphatic vessels
also facilitate the passive entry of tissue-derived antigens to lymph nodes by allowing lymph
to drain into these structures where antigens can subsequently be accessed and processed by
lymph node-resident antigen-presenting cells (24–28). In contrast, efferent lymphatics
regulate lymphocyte egress from lymph nodes (reviewed in 29).

Within the T-cell zones of lymph nodes and the spleen, FRCs secrete and ensheath an
extracellular matrix (ECM) based reticular or conduit network (5, 7, 24, 26, 30) (Figs 1 and
2). This conduit network allows molecules such as chemokines and small soluble antigens to
rapidly flow from upstream tissues deep into the parenchyma of draining lymph nodes (26,
31). Chemokines that are produced within inflamed upstream tissues may thereby quickly be
displayed by BECs that form the high endothelial venules (HEVs) through which leukocytes
enter these sites (27, 28). In addition, lymph-borne antigens may be accessed by DCs that
are in close contact with FRCs along the reticular network of the T-cell zone (26, 32). While
future studies may identify the specific nature of the contacts between these cell types, it is
likely that FRC conduit networks contribute to adaptive immunity by enhancing leukocyte
recruitment to inflamed lymph nodes and by creating a concentrated pool of soluble antigens
that can rapidly be sampled and displayed by resident antigen-presenting cells.

The conduit network consists of many different ECM components that together act as a
molecular sieve, allowing small molecules to gain access to the lymph node paracortex (24,
26). We have recently found that the structure of the conduit network is more complicated
than had previously been perceived, as FRCs express a plethora of ECM components and
ECM regulatory molecules in resting and inflamed lymph nodes (5). Interestingly, the
transcriptome of IAPs is similarly ECM-rich, although these pericytes have not yet been
linked to conduit formation or maintenance.

Our findings have suggested novel mechanisms by which conduit pore size might be
regulated. The conduit core contains long fibrils of collagen I (7, 24, 26), which provide
tensile strength to these structures; however, we also observed expression of collagen XIV
within this layer of the conduit network (5). In contrast to collagen I, which forms fibrillar
chains, collagen XIV is a fibril-associated collagen with interrupted triple helices that has
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been reported to crosslink collagen I fibrils, limiting their diameter by preventing lateral
fusion with adjacent fibrils (33, 34). We also found that the small leucine rich proteoglycan
decorin localized to the conduit core, where it too can regulate collagen fibril diameters (35).
FRCs and IAPs express the enzyme lysyl oxidase, which covalently crosslinks collagens I
and XIV, preserving pore sizes (36). It seems likely that regulation of collagen fibril
diameter and packing within the conduit network determine the effective pore size of this
structure. Alterations in collagen fibril diameter or packing could affect the elasticity of
lymph node architecture or the normal flow of lymph-borne antigens to the lymph node
paracortex. However, the specific contributions of these ECM regulatory molecules remain
to be assessed within the lymph node microenvironment.

Thus, stromal-hematopoietic interactions are crucial for promoting adaptive immunity, first
by stimulating lymph node genesis and later by enhancing leukocyte entry into inflamed
draining lymph nodes and rapid antigen-capture and display by antigen-presenting cells.

Stromal cells organize and support hematopoietic populations within
secondary lymphoid organs

LNSCs continually provide important physical and chemical signals to hematopoietic cells,
organizing these populations within SLO environments. These LNSC-derived cues are
essential to the productive initiation of an immune response, as even after a naive T cell is in
the same SLO as its cognate antigen (presented by a DC), it must still come in close contact
with the antigen-presenting cell and exchange numerous signals before it can become
activated (37, 38). As such, lymphocytes and DCs must be able to actively travel within
SLOs. In vivo live-imaging studies have identified important roles for the T-cell zone FRC
network in facilitating lymphocyte migration within SLOs. Rather than pushing off each
other within maze-like structures as had previously been hypothesized (7), naive
lymphocytes have been found to make intimate contacts with and actively migrate along
FRC networks (39, 40). In lymph nodes, naive T and B cells were observed to exit HEVs,
access FRC networks at specific sites, and actively crawl along the surfaces of these cells,
though the molecular basis of these interactions has remained unclear (39). In contrast to
interstitial fibroblasts, FRCs ensheath the majority of ECM that they secrete (7, 41).
However, ultrastructural and light microscopic studies of lymph nodes from cynomolgus
monkeys suggest that certain basement membrane components of the FRC conduit network,
including fibronectin and collagen IV, are also exposed to hematopoietic cells (42).
Accordingly, these ECM components may contribute to the migration of hematopoietic
populations along the FRC network via interaction with cell surface integrins.

Stromal subsets, and in particular IAPs, show high expression of many integrins. IAPs
express high levels of transcript for integrin chains α1, α5, α7, α8, α9, αV, β1, and β5 (5).
They also have low levels of expression of the integrin α2, α3, α4, α6, α10, α11, β3, and β4
chains (5). Together, these data suggest that IAPs may express numerous integrin
heterodimers including: α1β1, α2β1, α3β1, α4β1, α5β1, α6β1, α6β4, α7β1, α9β1, α10β1,
α11β1 and αVβ3. As with most functions of IAPs, the significance of this expression is
unknown; however, the pericytic localization of these cells at the endothelial-parenchymal
interface certainly lends itself to support of cell migration.

Following immunization, migratory DCs have been found to localize near HEVs within
draining lymph nodes, increasing the likelihood of cognate antigen recognition by newly
entering naive cells (43). In addition to providing a cellular scaffold on which hematopoietic
cells may crawl, FRCs also secrete the homeostatic chemokines CCL19, CCL21a, and
CXCL12 that help to recruit, organize, and promote interactions between CCR7- and
CXCR4-expressing naive T cells and DCs (4, 5, 44, 45). Interestingly, in contrast to CCL19,
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CCL21a can bind to heparin sulfate residues, allowing it to be immobilized within the lymph
node environment (46–48). CCL21a bound to the surface of FRCs induces integrin-
dependent adhesion and motility of DCs in contrast to CCL19 and soluble CCL21a, which
appear to confer directional cues (49). However, we have found that DC migration along the
FRC network in a three-dimensional (3–D) deformable matrix can occur independently of
chemotactic cues and integrin-engagement (22). Furthermore, DC migration along FRC
networks was found to depend on CLEC2-gp38 signaling, which induces dramatic
protrusive activity of these leukocytes (22). Disruption of this signaling pathway leads to
diminished DC migration along FRC networks in vitro and in vivo, highlighting the
importance of these DC-FRC interactions (22). It therefore appears that multiple molecular
interactions between FRCs and DCs regulate the motility of this hematopoietic subset within
lymph nodes. Additionally, FRCs enhance naive T-cell survival in the steady-state by
secreting interleukin-7 (IL-7) (4). More recently, our microarray analyses of freshly isolated
LNSCs have revealed that FRCs and IAPs express transcripts for numerous other cytokines
and chemokines that may influence immune cell homeostasis and the initiation of immune
responses (5). It seems likely that stroma support DC differentiation, maintenance, or
expansion within SLOs given the close contacts between these populations and our
observations that FRCs, LECs, and IAPs express high levels of transcript for the cytokine
Flt3L (5, 50). In addition, we found that FRCs and IAPs express transcripts for a variety of
chemokines such as CCL2, CCL7, and CXCL14, which may influence myeloid cell
recruitment to or organization within lymph nodes (5). FRCs and IAPs also expressed
transcripts for cytokines and chemokines that regulate B lymphocytes; though it is plausible
that these transcripts reflect signatures of stroma that sparsely populate B-cell follicles (25).
While FRCs clearly regulate naive T-cell homeostasis and promote lymphocyte-DC
interactions, the ways in which FRCs affect the survival and function of non-lymphoid
hematopoietic populations remain to be investigated. Moreover, any crosstalk between IAPs
and the hematopoietic system is currently undefined. Thus, FRCs interact closely with naive
lymphocytes and DCs in SLOs, promoting the survival and interaction of these
hematopoietic populations while simultaneously regulating their recruitment to and
localization within these tissues.

Lymph node stromal cells induce peripheral tolerance
During development, T cells are endowed with antigen-specific receptors (TCRs) with
potential for self-reactivity. To prevent auto-inflammation and tissue destruction, there are a
number of mechanisms in place to promote self-tolerance. Within the thymus, developing
thymocytes undergo deletional tolerance or negative selection, a process by which self-
reactive T cells can be eliminated from the T-cell repertoire (51–54). Thymic stromal cell-
mediated display of peripheral tissue-restricted antigens (PTAs) is crucial for inducing
tolerance to molecules that are largely expressed in other tissues (55, 56). For many years,
these cells were thought to be the only stroma involved in inducing T-cell tolerance. In the
recent past, however, LNSCs have been found to play important roles in enforcing CD8+ T-
cell tolerance to self-antigens in the periphery via direct presentation of self-antigens to
these lymphocytes (57–61).

A small proportion of T cells bearing self-reactive TCRs escape thymic deletion (62). Other
tolerance-inducing mechanisms decrease the likelihood that those autoreactive T cells
escaping negative selection will wreak havoc in most individuals. Some self-reactive T cells
have been observed to undergo receptor editing, which presumably replaces the autoreactive
TCR with a new TCRα-TCRβ pairing that has a lower affinity for self-pMHC complexes
(63–66). Alternatively, self-reactive CD4+ T cells may develop into regulatory T cells
(Tregs) in the thymus (natural Tregs) or even in the periphery (induced Tregs) via
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interaction with medullary thymic epithelial cells (mTECs) and/or DCs (67–69).
Autoreactive T cells may also become anergic or may be deleted in the periphery (70).

In 2007, we and others identified a crucial role for LNSCs in inducing peripheral CD8+ T-
cell tolerance (57–61). In contrast to DCs, which acquire antigens from tissues and
subsequently cross-present processed peptides to CD8+ T cells in draining lymph nodes,
LNSCs ectopically express and present PTAs directly to CD8+ T cells in a manner
reminiscent of mTECs (59–61, 71, 72). An initial report from our laboratory demonstrated
the ability of radio-resistant LNSCs to enforce CD8+ T-cell tolerance to truncated
ovalbumin (tOVA), which was expressed as a model self-antigen specifically in the small
intestine under control of the intestinal fatty-acid binding protein (iFABP) promoter
(iFABP-tOVA; iFABP-tOVA mice) (59, 73). We found that when naive CD8+ T cells
expressing a transgenic TCR specific for a tOVA-peptide (OT-I T cells) were transferred
into iFABP-tOVA mice, these cells proliferated normally in mesenteric lymph nodes
(MLNs) and PPs, where antigens from the small intestine would be expected to be presented
by DCs (59). Intriguingly, OT-I T cells were also observed to proliferate in all non-draining
lymph nodes examined, as well as to a lesser degree within the spleen. Using a number of
approaches, Lee et al. (59) confirmed that OT-I T cells were indeed proliferating in response
to signals that they received within these peripheral lymph nodes rather than being activated
by DCs in MLNs or PPs and subsequently recirculating. In fact, CD45− radioresistant
stromal cells were found to be responsible for the direct presentation of tOVA and the
induction of limited activation and eventual deletion of these self-reactive lymphocytes
within peripheral lymph nodes. Recent advances in stromal cell isolation techniques and
high purity sorting of LNSC subsets have facilitated a more thorough analysis of PTA
expression among these populations (57, 58, 74), identifying FRCs as the stromal source of
tOVA expression in iFABP-tOVA mice (58). Furthermore, in vitro experiments confirmed
the ability of FRCs to directly present this model PTA to OT-I T cells, stimulating
proliferation of these lymphocytes. More broadly, these studies revealed that promiscuous
expression of PTAs was a characteristic that was shared among all LNSC subsets that were
examined, suggesting that LNSCs may also promote peripheral CD8+ T-cell tolerance to
other self-antigens.

Nichols et al. (61) reported LNSC-mediated peripheral CD8+ T-cell tolerance to the
endogenously expressed melanocyte antigen tyrosinase. FH T cells are CD8+ T cells that are
transgenic for a tyrosinase-specific receptor that recognizes its cognate antigen in the
context of the MHC class I molecule AAD. Earlier work had demonstrated that FH+AAD+

tyrosinase-expressing (FH+AAD+tyrosinase+) mice had fewer peripheral FH T cells than
FH+AAD+tyrosinase− albino mice, suggesting that these lymphocytes were being deleted
via an antigen-specific mechanism. Though PTA expression and display by mTECs has
been found to be central to the deletion of many self-reactive developing thymocytes, a role
for the thymic deletion of tyrosinase-specific CD8+ T cells was ruled out in this model, as
transfer of tyrosinase+ thymi into FH+AAD+tyrosinase− mice did not lead to a decrease in
peripheral FH+ T-cell numbers (56, 61, 75). After FH T cells were adoptively transferred to
AAD+tyrosinase+ mice, these self-reactive lymphocytes were found to undergo activation,
proliferation, and deletion in all lymph nodes, as was observed for OT-I T cells in the
iFABP-tOVA model (59). While Nichols et al. (61) were able to localize this mechanism of
deletional tolerance to the LNSC compartment by using a combination of bone-marrow
chimeras and selective depletion of Langerhans cells, more recent studies have demonstrated
that tyrosinase expression is specifically restricted to LECs (57, 58). As was the case for
tOVA-expressing FRCs, LECs isolated from AAD+tyrosinase+ mice were also able to
directly stimulate the proliferation of antigen-specific CD8+ T cells in vitro (57). Together,
these data provide further evidence for the ability of LNSCs to directly induce and enforce
peripheral CD8+ T-cell tolerance to self-antigens.
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LNSC-dependent peripheral deletion of self-reactive CD8+ T cells was also observed in a
model system in which hemagglutinin (HA), an influenza virus protein, was expressed as a
self-antigen in enteric glial cells under regulation of the glial fibrillary acidic protein
(GFAP) promoter (GFAP-HA; GFAP-HA mice) (60). In this study, Magnusson et al. (60)
determined that transfer of naive transgenic HA-specific CD8+ T cells to GFAP-HA mice
did not lead to overt intestinal pathology in these animals. Rather, as had previously been
observed in the iFABP-tOVA and AAD+tyrosinase+ model systems, self-reactive
lymphocytes exhibited partial activation, proliferation, and subsequent deletion in all lymph
nodes that were examined (59–61). The authors then transferred naive HA-specific T cells
into GFAP-HA hosts deficient in recombination activating gene 2 (RAG 2), to determine
whether homeostatic expansion of self-reactive CD8+ T cells might be sufficient to lead to a
breach in this mechanism of peripheral tolerance. Interestingly, while HA-specific T cells
did undergo homeostatic proliferation as expected, treated mice were still protected from
intestinal damage (60). A combination of in vitro coculture experiments, in vivo bone
marrow chimeric experiments, and mRNA analysis of isolated ulex europeus agglutinin-1
(UEA-1)-expressing LNSCs reinforced the idea that these cells routinely express and
directly present PTAs, such as GFAP-HA, to self-reactive CD8+ T cells, maintaining
tolerance to specific self-antigens in the periphery (60).

In spite of the fact that all LNSC subsets have been found to express PTAs, individual PTAs
such as tyrosinase and retinal S antigen appear to be differentially expressed by different
stromal populations (57, 58). Furthermore, it remains to be investigated whether PTA
expression within a given stromal cell type is homogeneous or whether individual cells of a
particular stromal class may stochastically express a subset of the total pool of PTAs
characteristic of that population, as occurs in mTECs. In addition, future work may
determine whether corresponding stromal populations in tertiary lymphoid organs or other
tissues express PTAs, and what the functional consequences of such expression might be.

Though mTECs and LNSCs exhibit a shared capacity to express PTAs, the mechanisms by
which these populations regulate promiscuous gene expression appear to be different. The
transcriptional modulator Aire is not responsible for PTA expression among FRCs, LECs,
and BECs, in contrast to mTECs which rely heavily on Aire expression (55, 57, 58). Among
LNSCs, extremely low levels of Aire transcript were only detectable in bulk gp38−CD31−

stromal cells, though no protein was detected. Conversely, all LNSC subsets were found to
express high levels of an Aire-like transcriptional regulator known as DF1 (58). DF1 was
previously shown to regulate PTA expression by LNSCs in pancreatic lymph nodes of mice
(76). DF1 was expressed normally in the pancreatic lymph nodes of young NOD mice;
however, Yip et al. (76) found that over time, DF1 expression decreased while expression of
the DF1 splice variant (DF1-VAR1) increased. In contrast to DF1, DF1-VAR1 does not
contain a nuclear localization sequence and is therefore unable to enter the nucleus to
regulate PTA expression. To make matters worse, DF1-VAR1 was found to interact with
DF1, likely retaining DF1 in the cytoplasm and further limiting PTA expression within
pancreatic lymph nodes. It seems plausible that diminished PTA expression within
pancreatic lymph nodes of aging NOD mice may contribute to the development of disease in
these animals. Future studies may elucidate the molecular mechanisms that control LNSC
expression of the transcriptional regulators Aire and DF1. In addition, given that the
expression of specific PTAs is not uniform among LNSC subsets, it is likely that other
transcriptional regulators may contribute to the modulation of PTA expression by these
cells. The identities of these other transcriptional regulators remain to be determined.

While numerous studies have demonstrated that promiscuous PTA expression and direct
presentation by LNSCs is sufficient to promote peripheral CD8+ T-cell tolerance to specific
self-antigens, it has been unclear whether LNSCs can similarly influence CD4+ T-cell
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tolerance. In contrast to professional antigen-presenting cells such as DCs, LNSCs express
low levels of MHC class II molecules in the steady-state. However, we and others have
recently shown that FRCs, LECs, and BECs can upregulate surface expression of MHC
class II molecules under inflammatory or infectious conditions (5, 77). Various
inflammatory stimuli have been found in vivo to promote a suppressive LNSC phenotype
that is characterized by increased expression of the inhibitory molecule programmed cell
death ligand 1 (58, 78). In addition, FRCs isolated from inflamed iFABP-tOVA mice were
subsequently found to be less efficient than FRCs from untreated animals at stimulating
proliferation of naive OT-I T cells in vitro. In light of these findings, it is unclear whether
the observed increase in surface MHC class II expression by LNSCs will contribute to
immunity, the induction of regulatory T cells, or CD4+ T-cell tolerance, and future work
must investigate these possibilities.

Many open questions remain. However, these studies have convincingly demonstrated a role
for LNSCs in maintaining peripheral CD8+ T-cell tolerance via direct stromal presentation
of self-antigens to self-reactive CD8+ T cells.

Lymph node stroma as an active regulator of developing immune
responses

LNSCs promote the initiation of adaptive immune responses through a number of
mechanisms. Despite the role that FRCs play in facilitating this process, little was known
about how these cells might directly influence the developing T-cell response due to
difficulties in isolating and studying this rare stromal population.

Recent advances in stromal cell isolation and culturing techniques have allowed researchers
to begin to assess the ways in which LNSCs may contribute directly to developing T-cell
responses (74). Within the lymph node, naive T cells become activated in the FRC-rich
paracortex. Accordingly, we and others were interested in understanding how the presence
of FRCs might affect the progression of the T-cell response (79). Using a reductionist
approach, naive lymphocytes were activated (using antigen-bearing bone marrow-derived
DCs (BMDCs) or αCD3 + αCD28 stimulation) in the presence or absence of in vitro
expanded primary FRCs or LECs, or cell lines derived from these populations (79–81).
Interestingly, these studies demonstrated that FRCs and LECs possess a potent suppressive
capability, as T cells activated in their presence exhibited a significant block in proliferation
(79–81) (Fig. 3).

While expansion of newly activated T cells was substantially reduced in the presence of
FRCs, early stages of T-cell activation were not significantly impaired (79, 80). In the
course of DC-mediated activation of naive T cells, FRCs may be exposed to a variety of
different cytokines including interferon-γ (IFN-γ), IL-4, IL-12, and tumor necrosis factor-α
(TNF-α). A combination of experiments using antibody blockade and genetic tools
demonstrated that FRC-mediated suppression of activated T-cell proliferation was crucially
dependent on intimate crosstalk between these two populations (79–81) (Fig. 3).
Furthermore, activated T-cell-derived IFN-γ was found to be essential for FRC-mediated
suppression (79, 80).

IFN-γ is a potent inflammatory stimulus, inducing expression of numerous molecules.
Investigation of suppressive mechanisms that interfere with metabolic pathways on which
activated T cells are crucially dependent revealed a role for inducible nitric oxide synthase
(Nos2) in this process (79–81) (Fig. 3D). Nos2 expression has been reported to be induced
by IFN-γ in both hematopoietic and stromal cell populations (82, 83). Indeed, we and others
(79–81) observed that Nos2 transcripts were strongly upregulated by FRCs following
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treatment with recombinant IFN-γ. Expression of other inhibitory molecules including
indoleamine 2,3-dioxygenase 1 (Ido1), arginase 1 (Arg1), and cyclooxygenases 1/2 (Cox1/2)
was not found to change in response to recombinant IFN-γ stimulation or suppressive
contributions of these molecules were negligible (79–81). In contrast, when proliferation
assays were performed in the presence of Nos2−/− FRCs or inhibitors to nitric oxide
synthases, there was a substantial reversal in the suppression of activated T cells, reinforcing
the idea that FRC-derived nitric oxide is crucial for the observed block in T-cell
proliferation (79–81). Interestingly, in one study, COX-1/2 were found to play a role in the
suppression of T cells that were activated by antigen-loaded BMDCs (81). However, the
mechanism of increased COX-1/2 activity in this setting remains to be investigated, as Cox2
mRNA levels in FRCs did not increase in response to IFN-γ stimulation (81). In addition,
future studies will determine the specific contributions of FRCs and BMDCs to
prostaglandin production in this coculture system.

In contrast to LNSC-mediated induction of CD8+ T-cell tolerance, suppression of activated
T-cell proliferation by FRCs was not dependent on direct presentation of antigens, thereby
allowing FRCs to limit the expansion of both CD8+ and CD4+ T cells (57–61, 79–81).
However, intimate contacts between activated T cells and FRCs were important, as
suppression was reversed when these cells were separated by semi-permeable membranes in
transwell experiments, regardless of the addition of recombinant IFN-γ (79–81) (Fig. 3B).
Nitric oxide is extremely reactive and unlikely to persist in tissue environments due to its
ability to rapidly nitrosylate nearby proteins (83). Therefore, this suppressive mechanism is
likely to operate only on those activated T cells that are in direct contact with stimulated
FRCs. Secretion of nitric oxide must also be tightly regulated to avoid undesirable tissue
destruction or off-target stimulatory effects. Accordingly, we and others (79, 80) found that
while IFN-γ signaling in FRCs was sufficient to dramatically increase Nos2 transcript
levels, nitrite (a stable end product of nitric oxide) remained undetectable in the culture
supernatant. In Lukacs-Kornek et al. (79), it was found that recombinant IFN-γ and TNF-α
synergize to dramatically increase FRC expression of Nos2, generating protein levels
comparable to those induced by activated splenocytes. Recombinant IFN-γ and TNF-α also
induced nitric oxide production by these stromal cells in the absence of T cells (79).
However, suppression of activated T-cell proliferation was not completely reversed in the
absence of TNF-α signaling in FRCs, and nitrite could still be detected in these cocultures,
suggesting that another factor can at least partially substitute for this cue (79). The identity
of this other, potentially membrane-bound factor remains to be elucidated.

While these studies have illuminated a direct role for FRCs in inhibiting the proliferation of
newly activated T cells through a NOS2-dependent mechanism, this stromal subset also
indirectly affects T-cell proliferation by altering the stimulatory capacity of BMDCs (81).
Siegert and colleagues (81) found that antigen-pulsed BMDCs cultured with an FRC cell
line prior to reisolation and coculture with OT-I T cells (in the absence of FRCs), induced
less T-cell proliferation than BMDCs that had not been precultured with FRCs. However,
the ways in which FRCs alter the stimulatory capacity of DCs are unclear. Preculture with
FRCs may change the costimulatory potential of the BMDCs, though the specific mode of
crosstalk between DCs and FRCs remains to be investigated. Earlier reports suggest that
long-term cocultures of splenic stromal cells and DCs drives these antigen-presenting cells
towards a suppressive phenotype (84, 85). Recent work from our lab has shown that FRCs
express transcripts for numerous molecules that may influence DC biology, supporting
possible crosstalk between these populations (5). In addition, Siegert et al. (81) found that
when FRCs and BMDCs were cultured together in the presence of IFN-γ, a larger
proportion of each population expressed NOS2 protein than when cultured only in the
presence of IFN-γ, reinforcing the likelihood of ongoing crosstalk.
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NOS2-mediated suppression of activated T-cell proliferation was found to operate in vivo in
models of viral infection, tolerance induction, and BMDC-mediated priming (79–81).
Though expression of Nos2 could not selectively be eliminated from the stromal
compartment of the lymph node, due to a lack of genetic tools and technical issues
concerning reconstitution of bone marrow chimeras, in each of these three models increased
proliferation of antigen-specific T cells was observed in the absence of Nos2 expression
(79–81). Differences in T-cell proliferation were evident at early time points when this
suppressive mechanism is thought to be operating, and intracellular NOS2 could be detected
in FRCs (and mesenteric lymph node LECs in the model of tolerance induction) (79–81,
86). While NOS2 was not detectable within the myeloid compartment in the non-
inflammatory model of tolerance induction, this protein was observed in DCs isolated from
the lymph nodes of mice 24 h after infection with OVA-expressing vesicular stomatitis
virus, a time point that corresponds to NOS2 expression in FRCs (79, 81). Importantly in
each case, NOS2 protein was found within a small proportion of FRCs, suggesting that in
vivo FRCs, activated T cells and antigen-bearing DCs may form niches in which crosstalk
occurs, allowing this suppressive mechanism to operate (79–81). We found that following
IFN-γ stimulation, FRCs upregulate expression of chemokines such as CXCL9 and
CXCL10 (authors’ unpublished data), which can be recognized by activated T cells,
potentially retaining these cells within this niche and facilitating FRC regulation of activated
T-cell expansion.

The suppressive capacity of stromal cells is not restricted to FRCs or the lymph node
environment, as we observed similar suppressive behavior from LECs, and it has previously
been shown that fibroblasts (79, 87–89) from other sites can restrict the proliferation of
activated T cells. Along these lines, Siegert et al. (81) found that fibroblasts and epithelial
cells isolated from a variety of tissues exhibited this suppressive phenotype. However, it is
not clear whether these cells act through a NOS2-dependent mechanism.

While FRC-mediated suppression of activated T-cell proliferation clearly acts during early
phases of a primary immune response, it is unclear whether FRCs similarly constrain
memory T-cell expansion upon restimulation. Indeed, memory T cell pools in Nos2−/− (90,
91) and Ifngr1−/− (92) mice are known to be larger following antigenic stimulation, though
this may involve contributions from other stromal cell types in the body, in addition to
FRCs. We too found that memory T cells proliferated to a larger extent in Nos2−/− mice,
suggesting that FRCs may continue to regulate these populations (79). In addition, the
underlying mechanism by which FRC-derived nitric oxide suppresses the proliferation of
activated T cells also remains to be illuminated.

Activated CD4+ T cells have been found to differentiate into Foxp3+ Tregs in the presence
of chemical donors of nitric oxide (93). While we found that neither CD4+ T cells nor IL-10
were required for FRC-mediated suppression of activated CD8+ T-cell proliferation in vitro,
it is plausible that FRCs may generate Tregs under other conditions in vivo (79). In support
of this possibility, we have found that under inflammatory conditions FRCs, LECs, and
BECs upregulate surface expression of MHC II molecules and increase transcription of
many components of the MHC II antigen-processing and presentation pathway (5). FRCs in
particular also alter their cytokine and chemokine profiles, suggesting these cells may be
able to influence Treg development (5). IAPs also respond to inflammation, changing their
expression of PTAs in response to TLR3 stimulation (58). However, IAPs were the only
LNSC subset not to upregulate surface MHC class II levels on exposure to LPS, OVA, and
OT-I T cells, suggesting they do not engage CD4+ T cells under inflammatory conditions
(5).
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FRCs promote the initiation of the adaptive immune response through a number of different
mechanisms. However, the work described in this review has shown that these cells also
strongly curb the expansion of activated T cells in vitro and in vivo (79–81). Though
perhaps counter-intuitive, FRC-mediated regulation of T-cell proliferation may be crucial
for a number of reasons. Unrestrained expansion of activated T cells could have detrimental
effects on the integrity of the FRC network and more generally the lymph node
environment. In addition, it may be advantageous to allow for the expansion of multiple T-
cell clones early in the adaptive immune response, and local FRC-mediated regulation of T-
cell proliferation may increase access to antigen-bearing DCs and the availability of limited
survival factors.

Contact-dependent regulation of stromal cell function
SLO stromal cells are in continual contact with each other and with assorted hematopoietic
cell populations. Earlier in this review, we have detailed some of the ways in which stromal
cells influence hematopoietic cell recruitment to and function within SLOs. Here we
examine how the lymph node environment and cell-cell contacts among SLO stromal and
hematopoietic subsets regulate key aspects of stromal cell function within these sites.

FRCs form complex networks on which T and B cells migrate in search of cognate antigens
in SLOs (39, 40) (Fig. 2). Given the intimate contacts between these populations, FRCs are
routinely exposed to lymphocyte-derived factors within these tissues. Lymphocyte-FRC
interactions may therefore influence FRC function. Indeed, we have already discussed one
example in which FRC exposure to activated T-cell-derived IFN-γ and TNF-α induces
notable NOS2-dependent suppression of activated T-cell proliferation by FRCs (79–81).
More broadly, crosstalk between FRCs and lymphocytes has also been found to regulate
fundamental aspects of FRC biology. In particular, ECM production is a characteristic duty
of FRCs, as these cells continually generate and remodel the ECM-based conduit network
that they ensheath (Fig. 2). Interestingly, in vitro studies have demonstrated that FRC
secretion of ECM is dramatically enhanced by the presence of T cells, suggesting a role for
lymphocyte-derived factors in influencing this process (30). In this study, Katakai et al. (30)
found that signaling through tumor necrosis factor receptors 1 and 2 (TNFR) and
lymphotoxin β receptor (LTβR) synergized to recapitulate levels of ECM production by
FRCs that were comparable or higher to those of FRCs cultured in the presence of
lymphocytes. Additionally, TNFR and LTβR stimulation of FRCs promoted the
proliferation of these cells, suggesting one mechanism by which the FRC compartment of
SLOs might be able to expand in concert with an ongoing T-cell response (30). Notably,
while three dimensional (3D) co-culture of FRCs and lymphocytes enhanced the generation
of a reticular network that was reminiscent of SLO architecture, Katakai et al. (30) found
that this structure was still immature. Therefore, in vivo, additional environmental or cell-
derived cues are likely to be integrated, collectively regulating FRC deposition and
organization of ECM and the reticular network.

As lymph flows through the FRC-ensheathed conduit network, FRCs are continually
exposed to fluid flow. In vitro studies suggest that FRCs are extremely sensitive to this
movement of interstitial fluid (94). When FRCs were cultured in a 3D matrix and exposed to
low flow rates, they aligned and dramatically reorganized the surrounding ECM, forming
channel-like structures (94). Higher flow rates, which might be consistent with edema in an
inflamed upstream tissue (95–101), led to enhanced proliferation of FRCs in vitro,
suggesting another mechanism by which these cells may expand in response to infection or
ongoing inflammation (94).
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FRC secretion of the homeostatic chemokines CCL19, CCL21a, and CXCL12 also appears
to be regulated by a combination of fluid flow and cell-cell contacts. We and others (22, 30)
have found that in vitro expansion of FRCs leads to a rapid decrease in the expression of
CCL21a. While there are a variety of possible explanations for this observation, in vitro and
in vivo studies have demonstrated that fluid flow directly influences FRC secretion of
CCL21a (94). In vitro, fluid flow was sufficient to increase FRC expression of CCL21a
transcript and protein, and correspondingly in vivo, the absence of fluid flow led to a
significant decrease in FRC transcription of this chemokine (94). While lymph flow can
induce FRC production of CCL21a, homeostatic chemokine secretion by these cells also
appears to be modulated by cell-cell contacts. FRCs interact and form junctions with each
other along the conduit network (5, 7). Junctional adhesion molecule C (JAM-C) is a type I
transmembrane glycoprotein that has previously been reported to be expressed by SLO
LECs and BECs (102). More recently, Frontera et al. (103) found that a subset of
thrombomodulin-expressing FRCs coexpressed JAM-C in murine lymph nodes. The authors
reported that this subpopulation of FRCs expressed the highest levels of mRNA for CCL19,
CCL21a, and CXCL12. In addition, CCL21a and CXCL12 protein levels were significantly
diminished in vivo following treatment with anti-JAM-C antibodies or in JAM-C deficient
mice. Decreased homeostatic chemokine levels appear to be the result of post-translational
regulation, as anti-JAM-C treatment did not lead to a drop in transcript levels for these
molecules within the thrombomodulin-expressing subset of FRCs (94). While the authors
found no differences in the ability of adoptively transferred naive lymphocytes to home to
lymph nodes in anti-JAM-C treated mice, they did observe increased retention of naive T
cells (94). Thus, fluid flow and cell adhesion molecules such as JAM-C appear to modulate
FRC production of key homeostatic chemokines. Future studies may identify the specific
mechanotransducers that allow FRCs to detect and respond to fluid flow. In addition, it may
be determined whether signaling through other cell adhesion molecules, such as cadherin-11
which we recently showed to be expressed in junctions between FRCs, similarly controls
stromal cell functions (5).

The newly described IAP subset also transcribes high levels of CCL19, CCL21a, and
CXCL12 genes, though these cells have not yet been shown to secrete protein (5).
Chemokines are expressed by IAPs at lower mean expression values than FRCs, suggesting
FRCs may be more specialized for this purpose; however, it is also possible that the sorting
strategy used to isolate IAPs (as bulk gp38−CD31− stroma) resulted in an underestimate of
gene expression by this population, since IAPs comprise only 60–65% of DNCs. Addressing
this would require microarray analysis of sorted IAPs. Nothing is yet known about IAP-
lymphocyte interactions; however, the similarities between IAPs and FRCs and their shared
expression of a multitude of chemokines and cytokines suggest immunologically relevant
functions for this newly discovered cell type.

Though the specific mechanism is unclear, the presence of mature B cells in lymph nodes
leads to a dramatic remodeling of the FRC network (104). Bajenoff et al. (104) found that in
the absence of mature B cells, a dense, branching FRC network extended throughout the
lymph node. However, within two weeks of adoptive transfer of mature B cells (or 21 days
after birth of wildtype mice), normal follicle development was evident, and the conduit
network within these structures became less branched and more sparse (104) (Fig. 2).
Synchronous with observed conduit dispersion, follicle development was associated with the
differentiation and/ or expansion of an FDC network (104). Recent work by Krautler et al.
(105) has demonstrated that FDCs can arise from a ubiquitous perivascular precursor that
expresses PDGFRβ. Given the perivascular localization of IAPs and certain FRCs, it
remains to be investigated whether these stromal populations serve as FDC precursors
within the lymph node environment. It is unknown whether B-cell-derived or FDC-derived
signals specifically contribute to the significant reorganization of the FRC network within
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these regions. However, it is clear that even though these sites were previously occupied by
T cells, the presence of mature B cells either directly or indirectly leads to a dramatic
reorganization of these capsule-proximal lymph node regions.

More generally, lymph nodes are dynamic environments that undergo substantial expansion
and reorganization during the course of an immune response. Following infection or
immunization, draining lymph nodes swell, and stromal cell networks are altered in a variety
of ways. To accommodate a larger influx of blood-borne leukocytes, the feeding arteriole is
remodeled and there is an expansion of the BEC network (106–113). Additionally, HEVs
undergo a number of phenotypic changes that promote leukocyte entry into lymph nodes
(114–117). An increase in the number of LECs allows for enhanced entry of DCs into lymph
nodes (118–120). This expansion in lymphatic endothelium has been associated with B-cell-
derived vascular endothelial growth factor A (VEGF-A) in some settings (118, 119). The
FRC network has also been observed to grow in certain inflammatory models, likely
supporting expanding T-cell pools (30, 112).

Stromal cell proliferation and lymph node remodeling following infection or immunization
appear to stem from crosstalk among a number of stromal and hematopoietic subsets.
Continuous secretion of VEGF-A has been found to be required for the normal proliferation
of LECs and non-HEV BECs in the steady-state (110). Using VEGF-A reporter mice in
which lacZ expression was driven by the VEGF-A promoter (VEGF-A-lacZ mice), Chyou et
al. (110) identified FRCs as the major source of VEGF-A in resting lymph nodes. FRC
secretion of this factor was found to be positively regulated by LTβR signaling, highlighting
a role for hematopoietic cell control of stromal cell function (110). In vivo administration of
LTβR-Ig led to lower VEGF-A levels and diminished proliferation of LECs and non-HEV
BECs in lymph nodes of naive mice (110). Within one day of immune stimulation, VEGF-A
expression has been observed to increase twofold in lymph nodes in an L-selectin-dependent
manner (109). In addition, a previous study had reported that VEGF-A colocalized with B
cells in stimulated lymph nodes, suggesting a role for hematopoietic cell-derived VEGF-A
in the regulation of endothelial cell proliferation (118). Therefore, Chyou et al. (110) sought
to determine whether transcription of VEGF-A was increased within the hematopoietic
compartment after immune stimulation. This did not appear to be the case as following
footpad injection of mature DCs or immunization with OVA emulsified in complete
Freund's adjuvant (OVA-CFA), FRCs continued to be the primary source of VEGF-A
transcript in lymph nodes of VEGF-A-lacZ mice (110). In contrast to endothelial cell
proliferation in resting lymph nodes, VEGF-A was required for proliferation of all
endothelial subsets following DC transfer, highlighting possible changes to the regulatory
programs of these cells (110). Treatment of mice with anti-VEGF-A antibodies or the
VEGF-A-antagonist Aflibercept, led to a reduction in endothelial cell proliferation that was
associated with a decrease in total lymph node cellularity eight days after footpad delivery
of DCs (110). Similarly, intravenously injected, congenically marked splenocytes were
found to traffic less efficiently to DC-stimulated lymph nodes of Aflibercept-treated mice at
this time, indicating that blockade of VEGF-A signaling may lead to alterations in immune
function (110).

FRC, LEC, and BEC expansion following immunization was found to operate in two
distinct stages, each with requirements for specific hematopoietic cell types: initiation
(increase in stromal cell proliferation) and expansion (increase in stromal cell numbers)
(112). The initiation phase (days 1–2) was independent of lymphocytes, as it could be
induced in RAG1−/− mice (109, 112). However, the initial increase in LNSC proliferation
was dependent on the presence of CD11c+ cells and was diminished when these cells were
locally depleted in lymph nodes of mice that expressed the diphtheria toxin receptor under
the control of the CD11c promoter (CD11c-DTR mice) (109, 112, 121). While the identity
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of the CD11c-expressing cell that is required for the induction of normal initiation remains
somewhat of a mystery, Chyou et al. (112) were able to exclude contributions from skin
DCs and both radioresistant and radiosensitive migratory cells that require CCR7 to traffic
to lymph nodes. However, CCR7-dependent radioresistant cells may influence the degree to
which FRCs and endothelial cells proliferate (112).

Despite undergoing normal initiation, endothelial cells failed to increase in number in lymph
nodes of RAG1−/− mice that were stimulated with DCs five days earlier, suggesting that
successful expansion required the presence of B and T cells at this time (112). Furthermore,
at day 5, endothelial cells in stimulated lymph nodes of RAG1−/− mice also exhibited lower
rates of proliferation, highlighting a necessity for lymphocytes throughout the course of
vascular expansion (112). Chyou et al. (112) obtained comparable results when immunizing
mice with OVA-CFA, suggesting that these findings were not stimulus dependent, and T
cells and B cells were found to play partially redundant roles during the expansion phase.
FRCs also demonstrated similar cellular requirements in these two phases, raising the
possibility of coordinate regulation of LNSC proliferation and expansion following immune
activation (112). Future studies may identify the nature of the non-redundant signals that B
lymphocytes provide to FRCs and endothelial cells in this process, as well as the specific
cues that promote FRC survival during the expansion phase.

FRCs were found to increase expression of VEGF-A during the initiation phase (112).
Given the requirement for CD11c+ cells in this process and the close contact between DCs
and FRCs in lymph nodes, Chyou et al. (112) raised the possibility that DC-FRC
interactions might foster an increase in FRC expression of VEGF-A, leading to enhanced
endothelial cell proliferation. Indeed, coculture of BMDCs (that had been depleted of
granulocytes) and NIH-3T3 fibroblasts supported this hypothesis (112). Therefore, it seems
likely that DCs may induce FRC upregulation of VEGF-A expression. However, the specific
molecular pathway or pathways that lead to this increase in VEGF-A expression remain to
be identified.

Following LNSC expansion after immune stimulation, there is a period of vascular
stabilization and quiescence that is characterized by a decrease in endothelial cell
proliferation and maintenance of endothelial cell numbers (121). During the initiation and
expansion phases, perivascular FRCs were observed to become more loosely organized
around HEVs (121). However, by day 8 after DC transfer, FRCs were reassembling around
these structures (121). CD11chiMHC IImed DCs gradually accumulated near HEVs, with
numbers peaking five days after footpad injection of mature DCs (121). CD11chiMHC IImed

cells were determined to be essential for maintaining endothelial cell quiescence and
promoting vascular stabilization, as depletion of these cells six days after DC transfer led to
elevated levels of endothelial cell proliferation and disruption of FRC reassembly around
HEVs (121). Similar results were obtained when mice were immunized with OVA-CFA,
suggesting that CD11chiMHC IImed cells may routinely regulate these processes in lymph
nodes (121).

Given that elevated VEGF-A levels are associated with the initiation phase following
immune activation, it was possible that vascular quiescence was linked to a decrease in
VEGFA production. Indeed, Tzeng et al. (121) observed diminished VEGF-A levels during
this phase. Depletion of CD11chiMHC IImed cells prevented this drop in VEGF-A levels,
leading to elevated rates of endothelial cell proliferation, though these cells failed to
accumulate further (121). Interestingly, prevention of vascular stabilization and quiescence
was associated with damped T-dependent B-cell responses, reinforcing the importance of
this phase of lymph node reorganization (121). It is unclear how CD11chiMHC IImed cells
attenuate VEGF-A expression, whether this attenuation occurs via direct CD11chiMHC
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IImed cell-FRC interactions, what the nature of these interactions might be, and what other
signaling pathways might contribute to this process. However, collectively these studies
suggest significant roles for stromal-hematopoietic and stromal-stromal interactions in
regulating LNSC maintenance and expansion following immunization or infection.

Our microarray analyses of freshly-isolated LNSCs have revealed FRC expression of
numerous other molecules that might contribute to endothelial cell maintenance including
VEGF-C, ANGPTL2, HGF, GREM1, and SERPINF1 (5). Similarly, IAPs express VEGF-C,
ANGPTL2, HGF, and SERPINF1 (5). Future studies may investigate whether and in what
ways FRC and IAP secretion of these molecules affect lymph node endothelial cell
homeostasis or expansion. Given the proximity of IAPs to the lymph node vasculature and
their transcription of pro-angiogenic factors, it seems likely that IAPs will contribute to the
regulation of BECs, and this is one area of future research. Thus, not only are stromal-
hematopoietic cell interactions important for supporting, organizing, and regulating
hematopoietic populations within SLOs, but crosstalk among all of these cell types is also
crucial for promoting key stromal cell functions and maintaining the SLO environment.

Conclusions
Adaptive immunity relies on the existence of SLOs, which bring together three prerequisites
for this process: lymphocytes, cognate antigens, and antigen-presenting cells. Various
studies have revealed the essential roles that SLO stromal cells play in orchestrating
adaptive immune responses. In addition to recruiting, organizing, and promoting the survival
of key hematopoietic populations, SLO stromal cells have been found to be active players in
adaptive immunity. Advances in SLO stromal cell isolation techniques have allowed us to
further dissect effects that stromal cells have on hematopoietic populations. Stromal cells
directly present PTAs to CD8+ T cells, maintaining self-tolerance in the periphery.
Furthermore, FRCs interact closely with DCs and naive T cells in these tissues. We now
know that FRCs respond to cues from newly activated T cells, curbing the proliferation of
these lymphocytes in lymph nodes. The interplay between FRCs, hematopoietic cells, other
stromal cells, and the SLO environment also regulates many aspects of stromal cell function
within these tissues. In addition to modulating chemokine production by stromal cells, these
interactions affect SLO dynamics by influencing ECM production and stromal cell
expansion. Interactions between stromal and hematopoietic cells continue to be a rich area
of research. Future studies may illuminate the molecular mechanisms by which some of
these phenomena are regulated, as well as other ways in which SLO stromal cells influence
lymphocytes, DCs, and other hematopoietic populations, including macrophages and natural
killer cells.
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Fig. 1. Lymph node architecture and stromal cell localization
(A) Cartoon depicting lymph node architecture and compartmentalization. (B) Naive
lymphocytes gain access to lymph nodes through high endothelial venules (HEVs). HEVs
are comprised of specialized blood endothelial cells (BECs) that regulate lymphocyte entry
into lymph nodes via expression of molecules such as peripheral node addressins. These
structures are routinely surrounded by a layer of fibroblastic reticular cells (FRCs, left).
However, a small proportion (<15%) of these gateways are instead ensheathed by integrin
α7

+ pericytes (IAPs, right). Both types of HEVs appear similar histologically. Furthermore,
they connect to the dense FRC network within the paracortex, providing a continuous
scaffold on which naive lymphocytes and dendritic cells crawl and interact. FRCs also
promote naive T-cell survival through the secretion of IL-7. (C) Interstitial fluid and
migratory dendritic cells enter lymph nodes through afferent lymphatics, which are lined by
lymphatic endothelial cells (LECs). Between the capsule and the lymph node parenchyma
lies the subcapsular sinus (SCS), within which lymph percolates, allowing antigen uptake by
macrophages. FRCs, CXCL13-secreting marginal reticular cells, and IAPs are also found
proximal to the SCS. B-cell follicles contain a specialized stromal subset (follicular dendritic
cells), which interacts with B lymphocytes and continually captures and displays antigens on
its surface via complement receptors. (D) The lymph node medulla contains macrophages, B
cells, plasma cells, and a dense LEC network that regulates lymphocyte egress through
efferent lymphatics.
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Fig. 2. Fibroblastic reticular cell network
Fibroblastic reticular cells (FRCs) secrete, ensheath, and maintain an extracellular matrix
(ECM)-based conduit or reticular network. The conduit network links the SCS to high
endothelial venules (HEVs) within the lymph node paracortex, allowing small molecules
such as chemokines to traffic from inflamed tissues to HEVs. Dendritic cells in close contact
with the conduit network also gain rapid access to tissuederived antigens within the
paracortex. In contrast to the paracortex, within B-cell follicles the FRC network is quite
sparse, with little branching. (A) Confocal immunofluorescence analysis of 15 μm thick
frozen skin-draining lymph node sections stained for desmin (blue, FRCs) and the ER-TR7
antigen (green, conduit network). ER-TR7 binds to an unidentified ECM component within
the microfibrillar zone of the reticular network. (B) Confocal immunofluorescence analysis
of 7.5 μm thick frozen skin-draining lymph node sections stained for α-smooth muscle actin
(red, FRCs), the ER-TR7 antigen (blue, conduit microfibrillar zone), and collagen XIV
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(green, conduit core). (C) High magnification view of the conduit network. Sections were
prepared as in (B), and stained for biglycan (green, collagen core) and the ER-TR7 antigen
(red, conduit microfibrillar zone).

Malhotra et al. Page 24

Immunol Rev. Author manuscript; available in PMC 2014 January 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Fig. 3. Regulation of activated T-cell proliferation by fibroblastic reticular cells
(A) Experimental setup: naive splenocytes were cultured in the presence of anti-CD3ε and
anti-CD28 antibodies, leading to T-cell activation and proliferation. (B) When splenocytes
were cultured in the presence of fibroblastic reticular cells (FRCs) with a transwell filter
separating the two populations, T cells proliferated normally and little nitric oxide (NO) was
detected. (C,D) Coculture and activation of T cells deficient in IFN-γ expression with
wildtype (WT) FRCs, or WT T cells with FRCs deficient in NOS2 expression allows normal
proliferation of T cells. (E) Activation and coculture of WT T cells with WT FRCs leads to
high levels of NO in the culture supernatant, and a significant block in activated T-cell
proliferation. Activated T-cell-derived IFN-γ (I), TNF-α (II), and an unknown membrane-
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bound signal (III) synergize to increase NOS2 mRNA and protein levels in FRCs. This in
turn enhances FRC production and secretion of NO, which directly or indirectly curbs
proliferation of these T cells.
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