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Abstract

Secondary lymphoid organs (SLO) are underpinned by fibroblastic reticular cells (FRC)
that form dedicated microenvironmental niches to secure induction and regulation
of innate and adaptive immunity. Distinct FRC subsets are strategically positioned in
SLOs to provide niche factors and govern efficient immune cell interaction. In recent
years, the use of specialized mouse models in combination with single-cell transcrip-
tomics has facilitated the elaboration of the molecular FRC landscape at an unprec-
edented resolution. While single-cell RNA-sequencing has advanced the resolution of
FRC subset characterization and function, the high dimensionality of the generated
data necessitates careful analysis and validation. Here, we reviewed novel findings
from high-resolution transcriptomic analyses that refine our understanding of FRC
differentiation and activation processes in the context of infection and inflammation.
We further discuss concepts, strategies, and limitations for the analysis of single-cell

transcriptome data from FRCs and the wide-ranging implications for our understand-
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Innate and adaptive immune responses are initiated and coordi-
nated in secondary lymphoid organs (SLOs) that are strategically
positioned throughout the body to sample antigens from pathogens,
commensal organisms, tumors, or any other environmental sources.
In addition, innate immunological signals from inflamed tissues or
the body surfaces are relayed to SLOs to amplify or atone immune
reactions. Diligent processes in SLOs guide the cellular interactions
that generate protective immunity while minimizing immunopatho-
logical damage in the tissues. The decision-making processes that
determine the strength, breadth, and specificity of adaptive immune
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ing of stromal cell biology.
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responses occur in dedicated niches within SLOs. Specialized lym-
phoid organ fibroblasts, commonly referred to as fibroblastic re-
ticular cells (FRCs), form the scaffold of SLOs and determine the
microenvironmental conditions for lymphocyte activation and dif-
ferentiation.® Thus, the knowledge of FRC biology is fundamental
for the understanding and therapeutic manipulation of innate and
adaptive immune processes in infection, cancer, and other inflam-
matory diseases.

The splenic white pulp, evolutionarily the earliest SLO,* monitors
blood-borne antigens. A network of lymph nodes distributed through-
out the body collects lymph-borne antigen transported via lymphatic
vessels draining each organ, while Peyer's patches surveil the intestinal
lumen. Despite diverse location and anatomy, all SLOs need to achieve

three pivotal functions: (a) receive and process innate immunological
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signals from a dedicated sampling site, (b) sample and distribute an-
tigen to lymphocytes and antigen-presenting cells, and (c) promote
the efficient activation and interaction of cognate T and B lympho-
cytes.’ To this end, all SLOs adopt a similar structural patterning with
an antigen-sampling zone filled with specialized myeloid cell subsets,
and dedicated B cell follicles and adjoining T cell regions to initiate
and direct lymphocyte priming and differentiation. Activated lympho-
cytes must then converge within the B cell follicle or the T cell zone
to achieve, for example, the generation of high-affinity antibody re-
sponses or effector CD8" T cells, respectively. This series of “combina-
torial decision processes” guiding myeloid cell and lymphocyte homing
and compartmentalization is orchestrated by chemokines secreted by
FRCs.>” CXCL13-expressing FRCs govern B cell clustering and follicle
formation,®? while CCL19/CCL21-expressing FRC orchestrate den-
dritic cell and T cell homing and homeostasis.'®*2 Within each zone,
specialized FRC subsets coordinate the directed movement of myeloid
cells and activated lymphocytes or the display of antigens to harmoni-
ously secure efficient adaptive immunity.

Several terms have been used to describe the fibroblastic stro-
mal cells underpinning SLOs, including myofibroblasts, pericytes, and
FRCs.® In 1968, the term reticular cells was first used to describe the
elongated fibroblastic cells surrounding thin filamentous processes,
a reticulum, traversing the B cell follicle of the lymph node,** and
the spleen.'® This topological property is also conserved by FRCs in
Peyer's patches, ¢ and the formation of a reticulum is a feature not only
of fibroblastic cells in the B cell follicle but also in the T cell zone.**’
More recently, FRCs have been characterized by the expression of
podoplanin (PDPN, also referred to as gp38) and lack of the endo-
thelial marker CD31 (platelet endothelial cell adhesion molecule-1,
PECAM-1).1! Although PDPN* CD31™ FRCs have often been associ-
ated with the T cell zone,''81? the term FRC is now well-accepted to
broadly demarcate immune-interacting fibroblastic stromal cells within
SLOs. Additional topological and functional attributes characterize dis-
tinct FRC subsets, such as those in the B cell follicle or the T cell zone.

While CCL19-secreting FRCs, as well as a subset of CXCL13-
secreting, antigen-presenting cells termed follicular dendritic cells
(FDCs), have prevailed in our knowledge of FRC subsets, in recent
years, major advances in genetic models paired with the advent of
single-cell transcriptomics have created novel means to resolve FRC
heterogeneity and function. New, highly specialized FRC subsets
have been defined and implicated in the fine-tuned coordination of
lymphocyte migration and priming. In this review, we will discuss
recent findings delineating FRC differentiation and activation ob-
tained by genetic targeting in mouse models and discuss important
strategies and limitations of high dimensional data analysis for the

understanding of FRC biology.

2 | INVIVO TARGETING OF FRCs IN
GENETIC MOUSE MODELS

The most basic and still frequently used approach to identify FRCs
has been based on the expression of PDPN and an extracellular matrix

protein that is recognized by the antibody ER-TR7.1%?° However,
PDPN-negative FRCs populate several sites in lymph nodes,?! and
PDPN expression in the spleen is largely restricted to the T cell
zone.???% Thus, tracking changes in the relative abundance, pheno-
type, or transcriptional profile of non-hematopoietic CD31~ PDPN*
cells only offers a very limited insight into the nature of FRCs in the
classical SLOs (lymph nodes, splenic white pulp, or Peyer's patches)
or non-classical SLOs such as fat-associated lymphoid clusters
(FALCs). Genetic targeting of particular cell types in vivo using spe-
cific promoters to drive the expression of real-time reporters or the
Cre recombinase has offered novel means to elaborate origin, phe-
notype, and function of FRCs.

In contrast to T and B cells, FRC-secreted factors are not readily
or sensitively assayed by traditional methods such as flow cytome-
try or histology. Over the last 10 years, several strains of reporter
mice and lineage tracing models expressing Cre recombinase and/or
fluorescent proteins (eg, the enhanced yellow fluorescent protein,
EYFP) under the promoter of key FRC signature genes have been
developed, revolutionizing FRC immunobiology (Table 1). Two such
transgenic mouse models that take advantage of FRC chemokine
expression are the Ccl19-Cre?* and the Cxcl13-Cre/TdTomato?’
mouse models. In either model, bacterial artificial chromosome
(BAC)-encoded Cre recombinase expression falls under the control
of the chemokine promoter. Cre recombinase activity leads to the
permanent expression of EYFP under the control of the constitutive
Rosa26 promoter following the excision of an upstream stop-flox
cassette when the Cre-driver strain has been crossed to the R26R-
EYFP reporter strain.?® EYFP-labeled cells are those with current
Ccl19 or Cxcl13 expression, cells with past chemokine expression, or
are the progeny of chemokine-expressing cells. In the Cxcl13-Cre/
TdTomato R26R-EYFP mouse model, the red fluorescent protein
TdTomato is additionally expressed under the control of the Cxcl13
promoter, serving as a reporter of current Cxcl13 expression. The
pivotal function of these two chemokines in lymphocyte compart-
mentalization and LN development makes these two models well-
suited for FRC lineage tracing across SLOs. The Ccl19-Cre transgene
is expressed in FRC precursor cells during embryonic development
(lymph node at embryonic day (E) 16.5,%* Peyer's patch at E18.5,%
spleen at E19.5%) thereby targeting FRCs in lymph nodes, 252428
the splenic white pulp,?’ and Peyer's patches.*° Similarly, in lymph
node anlagen, the Cxcl13-Cre transgene is expressed at E14 in mes-
enchymal stromal cells, marking all major lymph node FRC subsets
in adult mice.?’ In contrast, Cxcl13-expressing, TdTomato® FRCs are
largely confined to the B cell follicles.?>3! Targeting of this transgene
in the splenic white pulp and Peyer's patches remains to be studied
in detail.

In addition to these signature chemokine-based FRC-targeting
models, a number of transgenic strains permit the lineage tracing
of a particular FRC repertoire. The DM2 BAC transgenic model
harbors a multiple reporter construct containing the diphtheria
toxin receptor (DTR), firefly luciferase, and the fluorescent re-
porter mCherry under the control of the fibroblast activation pro-
tein-a (Fap) promoter.®? The absence of a Cre recombinase-driven
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labeling of transgene-targeted cells does not make this particular
model suitable for lineage tracing but rather acts as a direct re-
porter of current FAP expression. The BAC-encoded DTR permits
the inducible deletion of FAP-expressing cells following DT admin-
istration. In lymph nodes and Peyer's patches, FAP expression is
primarily restricted to FRCs in the T cell zone but is detected in
a low frequency of cells in the splenic white pulp.®® The Col6al-
Cre crossed to the R26™/™C reporter allows for targeting and
lineage tracing of cells expressing, or having expressed Col6a1.%*
This model predominantly targets FDCs and marginal zone retic-
ular cells (MRCs) in Peyer's patches but does not readily target
FRCs in the splenic white pulp or lymph nodes.®®> The Cd21-Cre
R26R-tdRFP mouse model was designed as a reporter and lineage
tracing model of FDCs, based on the high expression of CD21 (mu-
rine complement receptor 2) by these cells.®® However, CD21 is
also expressed by mature B cells, and while bone marrow chimeras
can be used to avoid targeting cells of hematopoietic origin, the
Cd21-Cre model targets FDCs as well as T cell zone FRCs in lymph
nodes.%’

While reporter mice and lineage tracing models have been instru-
mental to study FRC heterogeneity and function, they are limited in
their capability to delineate the developmental origin and differen-
tiation pathways of FRCs. To this end, cell-fate mapping tools have
been developed to identify progeny-progenitor relationships during
SLO development. The currently available models rely on a tetra-
cycline transactivator (tTA)-inducible Cre recombinase, whereby the
tTA is expressed concomitantly with the target gene and binds to
a tetracycline response element upstream of the Cre recombinase

.28 Cre recombinase expres-

promoter, for example in the LC-1 mode
sion is interrupted by the administration of doxycycline, which com-
petitively binds to the tTA. Administering doxycycline to pregnant
dams and in the drinking water prevents the labeling of target gene
expressing cells, until the timely removal of doxycycline. Two such
models include the FCT™2%°%% and the Ccl19-iEYFP? mouse strains,
which allow the fate mapping of Fap- or Ccl19-expressing cells, re-
spectively, when crossed to a Cre recombinase-dependent reporter
strain. Each triple transgenic model encodes a fluorescent protein
preceded by a stop-flox cassette under the control of a Rosa2é pro-
moter, tracking current and progenitor-progeny relationships. The
Ccl19-iEYFP additionally encodes for a TdTomato reporter under
the control of the Ccl19-promoter to distinguish current from past
promoter activity. These models have been used to identify a com-
mon FAP-expressing progenitor of lymph node FRCs®? and to delin-
eate differentiation trajectories of splenic white pulp FRCs that were
found to originate from multipotent periarterial, CCL19-expressing
FRC progenitors.23 Additional tools to study clonal relationships in-
clude multicolor tagging systems based on Brainbow models.*%#
The combinatorial expression of multiple fluorescent proteins under
the control of the Rosa26 promoter permits the Cre-induced lineage
tracing or fate mapping of individual clones within a targeted cell
population. This system has been used to study the developmental
origin and differentiation dynamics of FDCs in lymph nodes,*? and
FRCs in the splenic white pulp?® and Peyer's patches.?”

Collectively, these genetic models have aided in elucidating
patterns of FRC differentiation across SLOs by marking progenitor-
progeny relationships, enriching known or rare cell populations for
single-cell RNA-sequencing, and demonstrably establishing the
function of FRC subsets as will be discussed in the following sec-
tions. In addition, the broad and constitutive targeting of fibroblasts
also makes many of these Cre recombinase-driven lineage tracing
models suitable for targeting stromal cells in inflammatory lesions

t,32'43-45

or the tumor microenvironmen making it possible to study

immune-interacting stromal cells outside of lymphoid tissues.

3 | RESOLVING FRC BIOLOGY USING
SINGLE-CELL TRANSCRIPTOMICS

In recent years, single-cell profiling has become a fast-growing field
with a vast number of technological advances accompanied by a
flood of new computational tools and algorithms for single-cell data
analysis.*® This rapid progress opens a multitude of new opportuni-
ties, but at the same time poses challenges for standardization, and
consequently for data interpretation and reproducibility.47'48 Key
variables that ultimately determine the quality and reproducibility
of the analysis include sequencing depth, total cell number, and clus-
tering strategy.*”>° However, these parameters themselves depend
on whether heterogeneous cell types are being analyzed, such as in
whole organ analyses, or whether the heterogeneity across subsets
or activation states of a single-cell type is being performed.51 Thus,
arobust and meaningful clustering depth, assignment, and validation
strongly determine the biological interpretation of cellular heteroge-
neity using single-cell transcriptomics.

3.1 | Deciphering FRC heterogeneity

The FRC landscape consists of specialized subsets that form distinct
niches within SLOs corresponding to the T cell zone, B cell follicle,
antigen-sampling regions, and sites of lymphocyte entry (Figure 1).1+°
As such, FRCs can be broadly categorized as T cell zone reticular cell
(TRCs), B cell-interacting reticular cells (BRCs), and perivascular re-
ticular cells (PRCs). In lymph nodes, medullary reticular cell (MedRCs)
form an additional, largely perivascular FRC subset localized in the
medulla.’®>® TRCs and BRCs are defined by classical features such
as the CCL19/CCL21-mediated T cell and dendritic cell recruitment,
or CXCL13-guided B cell trafficking and follicle formation, respec-
tively.f”’11 In recent years, cell-specific genetic targeting models com-
bined with single-cell transcriptomics have revealed the presence of
multiple BRC and TRC subsets underpinning SLO niches.232731:54
Across SLOs, MRCs border antigen-sampling regions expressing
high levels of Madcam1, Tnfsf11 (encoding for RANKL), and Cxcl13,
whereas FDC subsets express receptors to capture and present im-
mune complexes to B cells. T-B border FRCs co-express low levels
of Cxcl13, Cxcl12, Ccl19, and Ccl21a, while TRCs maintain the highest
expression of Ccl19 and Ccl21a in the lymph node cortex, splenic
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FIGURE 1 The FRC landscape across secondary lymphoid organs. The FRC landscape consists of specialized subsets that form distinct
niches within SLOs. FRC subset identities are defined based on their spatial localization and immune interaction partners in the T cell zone
(TZ) and B cell zone (BZ), and as reflected by the expression of signature genes and chemokines. (A) In lymph nodes, marginal reticular cells
(MRCs) line the subcapsular sinus (SCS). Two subsets of follicular dendritic cells (FDCs) underpin the BZ and align to the light zone (LZ) and
dark zone (DZ) during the germinal center reaction. T-B border reticular cells (TBRCs) are located along the border between BZ and TZ, and
interfollicular reticular cells (IFRCs) support the network between B cell follicles. Medullary reticular cells (MedRCs) locate in the medulla
(M). Ccl19-high T cell reticular cells (TRCs) underpin the majority of the TZ and perivascular reticular cells (PRCs) enwrap large arteries and
veins. (B) In the spleen, MRCs line the marginal zone (MZ) bordering the red pulp (RP) and white pulp (WP). Bridging channels (BC) provide a
trafficking avenue for lymphocytes to shuttle between the WP and RP. (C) In the Peyer's patch, MRCs underlie the basement membrane of
the subepithelial dome (SED), where antigen is sampled and shuttled to the BZ, underpinned by FDCs. TRCs are positioned in between B cell

follicle and PRCs border the lamina propria (LP)

periarteriolar lymphoid sheaths, and perivascular regions in the
Peyer's patch. Neighboring FRC subsets across SLOs adopt gradual
transcriptomic changes reflecting a spectrum of partially overlap-
ping gene signatures and chemokine gradients, with no chemokine
uniquely expressed by any one subset (Figure 1).

Given the gradation in signature genes and chemokine gra-
dients between neighboring FRC subsets, a first requisite to de-
fine FRC heterogeneity is to determine robust and meaningful
clusters. Usually, unsupervised clustering provides an unbiased,
data-driven assignment of cells based on transcriptome similar-
ity.* Despite a wide range of different clustering algorithms avail-
able with individual strengths and drawbacks,*>>5¢ there are no
common criteria for clustering methods or cell type assignment.
Instead, it is often favorable to run a number of algorithms with
different parameters to gain confidence about cluster robustness
and potential “over-" or “under-clustering”.*’ As a general rule of
thumb, reducing technical noise and resolving the heterogeneity

of highly similar or rare cell populations requires a sufficiently
high cell input number, and in the case of FRCs, can be facilitated
by enriching for desired subsets using available reporter models>!
(see Table 1). Once cluster robustness is tested, the list of each
cluster's marker genes should reflect the spatial positioning and
immune cell-interacting partners of FRC subsets. Notably, the
final choice of clustering depth can vary and should be adapted to
the research question and a resolution that can be validated.>¢->8
For validation, overlapping expression of unbiased, computed
cluster markers should be verified against known signature genes
and spatial orientation by confocal microscopy®”®® (Figure 2A).
While histological cluster validation can be challenging and re-
quires highly expressed marker genes and good antibodies, it
achieves a reliable description of FRC subset heterogeneity as
shown in a number of recent studies.?32731535% The molecular
properties of FRC subsets as revealed by single-cell transcriptom-
ics will be discussed in more detail in section 4.
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3.2 | Inflammation-induced changes in FRC
activation state

In addition to FRC heterogeneity within SLOs in the steady-state,
changing conditions such as pathogen infection can cause dy-
namic changes to the FRC landscape. Indeed, the gene expression
profile of an individual cell reflects not just its cell type identity
but also a combination of the changing cellular microenviron-
ments, stochastic gene expression, and various transient biological
states.®r%% Those factors can mask each other and confound any
classification of cells into cell types or subsets.®* While there are
computational tools to regress out confounding factors such as cell

6445 it is often not trivial to

cycle state from transcriptomic data,
identify overlapping signatures and interpret shifts in subsets pro-
jected in reduced dimensional space.“""é Inflammation-induced
programs may be reflected by a general, linear shift in gene ex-
pression profiles across subsets or by subset-specific shifts in the
transcriptional profiles of selected subsets.®”°® However, neither
necessarily results in a change of the subset identity as reflected
in the cellular function and spatial organization®®%® (Figure 2B). A
crucial first step to studying transcriptional changes across tran-

sient biological states is to define subset-specific gene signatures

(A)

1. Unbiased clustering

Multiple iterations with
different parameters/
algorithms for robust
cluster definition

® cell type x
® celltypey
cell type z

Cluster label

assignment based on
known marker genes
and target population

Validation of novel
cluster markers by
e.g. RT-PCR (mRNA),
FACS or IHC (protein)
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that reflect cellular identities.*®*” This step can be based on either
known, validated gene signatures or by validating subset-specific
marker genes in the steady-state as described above. Based on the
defined subset-specific signatures and marker genes, computed
clusters can be characterized and subset identities can be assigned
as a basis to test for gene signatures that reflect changes in bio-
logical state.®®%® As will be discussed in the subsequent sections,
single-cell transcriptomic studies of FRC activation consistently
reflect a preservation of FRC subset identity characterized by
changes in state rather than the inflammation-induced maturation
of additional FRC subsets, 315334

4 | FRC SUBSETS ACROSS LYMPHOID
ORGANS

Resolving FRC heterogeneity has been a major roadblock to un-
derstanding SLO microenvironments and immunological FRC func-
tions. Reflecting the conserved biology of SLOs as sites of immune
activation, FRC subset identity appears to be similar across SLOs
despite the differences in clustering resolution or cell subset assign-

ment across single-cell transcriptomics studies. It is conceivable that

(B)
FRC subset-independent effect

v

FIGURE 2 Resolving FRC heterogeneity and changes in activation state. (A) Unsupervised clustering can be used as a first step for
unbiased clustering of the analyzed cells. It is often favorable to run a number of algorithms with different parameters to gain confidence
about cluster robustness and potential artefacts. In a second step, clusters are refined and labeled based on known marker genes and
adapted to the research question. Finally, expression of unbiased, novel cluster markers needs to be validated against known signature genes
and spatial orientation by independent techniques such as confocal microscopy, fluorescence-activated cell sorting (FACS), or real-time PCR
(RT-PCR). (B) Changes in the microenvironment or biological state may result in a cell-type independent effect as reflected by a general,
linear shift in gene expression profiles across all cell types or by cell type-specific shifts
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the shared immune cell composition and the nature of immune cell
interactions in the different SLO regions determine the particular
phenotype of FRC subsets in order to secure niche-specific, optimal

“catering” conditions.

4.1 | T cell zone reticular cells
TRCs are involved in various crucial processes to establish special-
ized microenvironments and control immune regulation. Besides
T cell recruitment, TRCs promote T cell homeostasis by secreting
important survival factors such as IL-7 and BAFF.*7° It was fur-
ther shown that in the lymph node, TRCs could induce peripheral
tolerance by presenting tissue-restricted antigens’* and mediating
metabolic reprogramming to support the long-lasting activation of
CD8* T cells.”? Several single-cell transcriptomic studies of lymph
node FRCs have identified as many as four distinct TRC subsets:
Ccl19"&" TRCs, T-B border reticular cells (TBRCs) also referred to
as Ccl19'°" TRCs, CXCL9* TRCs, and interfollicular reticular cells
(IFRCs).31:235473 \While TRC subsets sharing an overlapping tran-
scriptional profile with TBRCs, and CXCL9* TRCs have also been
identified in Peyer's patches,27 splenic TRC subsets have not yet
been resolved at a higher resolution. Moreover, IFRCs, a subset co-
expressing Ch25h, Tnfsf11, and Rarres1, were shown to underpin the
FRC network between B cell follicles in lymph nodes, where they
contribute to the retention of myeloid cells in the lymph vessel-rich,
interfollicular region.31’54

Ccl19"&" TRCs are characterized by a high expression of Ccl19,
Ccl21a, and 117 as well as further genes involved in classical TRC
functions, including extracellular matrix deposition and reticular
fiber network formation.”*”® This subset underpins the majority
of the T cell zone extending throughout the lymph node paracor-
tex. Ccl19"&" TRCs sharing a similar transcriptional profile were
consistently identified across distinct transcriptome studies of

5354 as well as in the T cell zone of the

the lymph node stroma
splenic white pulp?® and the Peyer's patches.?” A subset of poten-
tially activated CXCL9* TRCs, characterized by a high expression
of the CXCR3 ligands Cxcl9 and Cxcl10, MHC class ll-related genes,
and an interferon-inducible gene signature, has been identified in
lymph nodes.”®”% A similar subset of presumably activated TRCs
as reflected in the expression of classical TRC markers in combi-
nation with genes related to the interferon pathway was recently
described in the Peyer's patches,?” highlighting shared features of
TRCs across SLOs.

TBRCs were first described as Ccl19'°% TRCs that co-express the
signature chemokines Ccl19, Cxcl12, and Cxcl13, as well as genes en-
coding the survival factors BAFF and APRIL.2831:53:5470.76 This syb-
set underpins the border between the T cell zone and B cell follicle,
where their unique molecular profile supports the migration of re-
cently activated B cells and activated T cells prior to germinal center
formation’” as well as the accumulation of recently formed plasma
cells exiting the germinal center.”®”8 Using single-cell transcriptom-
ics, arecent study detected even two TBRC subsets in murine lymph

nodes.>* The two TBRC subsets share an overlapping expression of
genes encoding CXCL13 and CCL19, however, the marker gene pro-
file of one subset more closely resembles that of Ccl19"&" TRCs and
the second of MedRCs. It remains unclear whether these gene sig-
natures reflect gradual differences in TBRCs lining B cell follicles dis-
tributed more closely to the medulla or a subset in the lymph node
cortex.?! Although TBRCs have not yet been described in the splenic
white pulp, a recent study of Peyer's patch FRCs also described a
TBRC subset sharing a similar molecular profile and spatial localiza-
tion as those described in lymph nodes.?’

The heterogeneity of the TRC repertoire across SLOs highlights
the influence of spatial localization and interacting immune cell part-
ners on FRC subset identity. It remains unclear whether activated
TRCs bearing an interferon-induced gene signature (CXCL9" TRCs
in the lymph node, and TRC2 in the Peyer's patches) are truly a dis-
tinct TRC subsets or reflect a change in state following activation
by yet unknown stimuli. While some studies have begun to look at
this,>>>* a higher resolution of activation-induced changes in TRC

state is warranted.

4.2 | Bcellinteracting reticular cells
CXCL13-expressing FRC subsets that interact with B cells are re-
ferred to as BRCs. The most commonly known BRCs are FDCs that
underpin B cell follicles and are specialized in the capture and pres-
entation of antigen. Although initially correctly described as reticu-
lar cells,'* their dendritic morphology and ability to retain immune
complexes, led to the misclassification of FDCs as dendritic cells
restricted to B cell follicles.”? Only decades later it was shown that
unlike dendritic cells, FDCs develop from a perivascular myofibro-
blastic precursor.®® Classically, FDCs are identified based on the ex-
pression of complement receptor 2 (Cr2) and Fc receptors (ie, Fcgr2b
and Fcer2a). Recently, single-cell transcriptomics analysis revealed
the presence of two distinct FDC subsets in the lymph node: light
zone (LZ-) and dark zone (DZ-)FDCs.3! LZ-FDCs express significantly
higher levels of Cr2 and Fcer2a and interact with B cells and follicular
helper T cells in the light zone during the germinal center reaction.
DZ-FDCs express low levels of genes related to antigen presenta-
tion compared to LZ-FDCs, and low levels of Cxcl12 and extracellular
matrix genes compared to neighboring TBRCs.%! Of note, although
CXCL12 is important for the spatial shuffling of B cells within the
germinal center,! the markedly higher expression of CXCL12 in
TBRCs and MedRCs compared to DZ-FDCs?®%! suggests that the
designation as CXCL12-expressing reticular cells (CRCs) should be
updated to more accurately reflect the spatial distribution of this
chemokine within SLOs. Moreover, while two FDC subsets have
been described in the lymph node, further studies are warranted to
determine to what extent the molecular identity of LZ- and DZ-FDCs
is recapitulated in other SLOs.

Marginal reticular cell (MRCs) are another important BRC sub-
set, characterized by a high expression of Cxcl13, Tnfsf11, and
Madcam1.82 This molecular profile shares overlapping characteristics
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with mesenchymal lymphoid tissue organizer (mLTo) cells in embry-
onic lymphoid tissues, leading to the proposed function of MRCs
as adult precursor for other FRC subsets.*?8283 Recent fate map-
ping and lineage tracing experiments have validated the role of
MRCs as an intermediate developmental stage of the BRC network
in Peyer's patches.?” Across SLOs, MRCs line the antigen-sampling
zone interacting with both myeloid cells and B cells. In lymph nodes,
MRCs line the lymphatic endothelium and a layer of CD169" (sia-
loadhesin) macrophages at the base of the subcapsular sinus where
lymph-borne antigens reach the lymph node.® In the spleen, blood-
borne antigen is delivered via the arterial circulation and released
at the marginal sinus bordering the red and white pulp and is then
shuttled back to the white pulp through marginal zone B cells and
macrophages.®* Splenic MRCs line the marginal sinus, interdigitated
by CD169" metallophilic macrophages similar to those in the lymph
node.®® In Peyer's patches, luminal antigen is sampled by specialized
microfold epithelial cells and shuttled into the B cell follicle.®¢ MRCs
underlie the basement membrane of the subepithelial dome at this
antigen-sampling region. The positioning of MRCs along antigen
entry routes lining outer SLO surfaces, and their molecular identity
with RANKL and MAdCAM-1 expression, identifies MRCs as a key
FRC subset that orchestrates antigen delivery, myeloid cell position-
ing and B cell activation.

4.3 | Perivascular reticular cells

PRCs, as their name suggests, are perivascular fibroblasts that ful-
fill reticular cell functions such as chemokine expression and con-
duit formation.'® As perivascular cells ensheath the length of the
vascular tree, single-cell transcriptomic analyses demarcate PRCs
as CD34- and LY6A (stem cell antigen 1)-expressing cells surround-
ing blood vessels in each SLO.2327:5354 Thjs relates to the arteries
and veins that traverse the medulla in lymph nodes,*® the ramifi-
cations of the splenic artery and vein that run through the white
pulp,®” blood vessels that pervade the T cell zones bordering the
lamina propria in Peyer's patches.®® A key feature distinguishing
PRCs from perivascular cells with mainly contractile (ie, vascular
smooth muscle cells) or basement membrane forming (ie, pericytes)
fibroblasts is their precursor potential. CD34* PRCs are suggested
to give rise to multiple FRC subsets in the lymph node,?? and fate-
mapping studies have shown that periarterial PRCs expressing
CD140a and CD140b possess the capacity to give rise to all FRC
subsets in the spleen.?® Similarly, in a recent study of Peyer's patch
development, CD34" LY6A" PRCs in the T cell zone (referred to
as TRC1) was found to be a multipotent FRC progenitor subset.?’
Further detailed studies are needed to resolve the molecular iden-
tity of PRCs along the vascular tree as has been done for PRCs in
the CNS?° or for lymph node blood endothelial cells.”* Moreover,
while the precursor potential of CD34" PRCs has been demon-
strated during development,23 it remains unclear whether only a
subset of PRCs exhibits precursor potential during SLO differen-
tiation and whether the same or different PRC subsets maintain
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self-renewing properties in already formed SLOs, especially in the

context of inflammation-induced remodeling.

4.4 | Medullary reticular cells

In lymph nodes, the medulla is a site of lymphocyte exit and myeloid
cell accumulation, penetrated by large blood vessels and lymphatic
sinuses. The lymph node vascular tree is rooted in the medulla with
large arteries and veins traversing this region,91 while transverse
and cortical lymphatic sinuses collect in the medullary sinus be-
fore leaving the lymph node via efferent lymphatic vessels.”? This
diverse architecture is supported by at least two subsets of medul-
lary reticular cells (MedRC) distinguished by the expression of Nr4al
and Inmt,31’53'54 as well as CD34" desmin~ PRCs.”® Functional and
histological analyses demonstrate that MedRCs orchestrate my-
eloid cell accumulation via the provision of CCL2,”® and provide the
niche factors BAFF, APRIL, IL-6, and CXCL12 for plasma cell accu-
mulation.?*?4 Despite multiple high-resolution analyses, appropriate
MedRC-targeting genetic models will be required to disentangle the
functional and spatial distinction between MedRC subsets in the
future.

In sum, while there is a general consensus about major FRC cat-
egorization based on spatial positioning and interacting immune cell
partners, many unknowns remain. Resolving further heterogeneity,
consistent subset definition and gene signatures remains a future
challenge that will involve collective efforts across the scientific
community. Transcriptomic FRC studies carried out during SLO dif-
ferentiation and pathogen-driven activation will help to refine FRC
subset identity versus the dynamic changes in gene expression as
part of developmental programs or responses to external stimuli. It
can be anticipated that future studies and advanced tools will help
to refine our understanding of the FRC landscape across lymphoid
and non-lymphoid sites during inflammation and in cross-species
analyses.

5 | FRC DIFFERENTIATION

SLO organogenesis and FRC maturation is governed by a sequence
of temporally and spatially coordinated cell-fate specification,
proliferation, and differentiation events.” All SLOs develop dur-
ing embryogenesis or in the first few weeks after birth.”® Despite
their functional convergence, the developmental program and mo-
lecular requirements differ between SLOs reflecting their individual
evolutionary history. As the most ancient SLO, the spleen evolved
during vertebrate evolution and adapted to the developing adap-
tive immune system some 300 million years ago. In comparison,
Peyer's patches and lymph nodes appeared rather late, approxi-
mately 100 million years ago along with the evolution of mammals.*
This evolutionary gap is also reflected in the cellular and molecu-
lar mediators of splenic white pulp versus lymph node and Peyer's
patch development. Signaling via the lymphotoxin beta-receptor
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(LTBR) is grossly required for SLO formation with an abrogation of
this pathway resulting in the complete absence of lymph nodes and
Peyer's patches and the lack of splenic white pulp development.cﬂ'101
Underlying differences in splenic white pulp versus lymph node
and Peyer's patch development are underscored by the different
involvement of hematopoietic lymphoid tissue inducer (LTi) cells.
While lymph node and Peyer's patch organogenesis relies on the
interaction between lymphotoxin alphal-beta2 (LTa,f,)-expressing,
CD3" CD4" LTi cells and LTpR-expressing, non-hematopoietic LTo

96,102

cells, splenic white pulp formation relies on LTa,f,-expressing

103104 31d is independent of LTi cells.1% In vivo fate mapping

B cells
models combined with single-cell transcriptomics have finally begun
to deconstruct the multi-tiered signaling requirements at the level of
FRCs and their progenitors. Recent studies in the spleen and Peyer's
patch demonstrate that yet undefined signals drive the differentia-
tion of a multipotent perivascular (and subepithelial in the case of
the Peyer's patch) progenitor.?®? Clearly, LTR signaling, “signal 1,”
is required for FRC lineage commitment,?*2?° and a further “signal 2"
drives subset differentiation®%10¢ (Figure 3).

5.1 | Splenic white pulp development

During embryonic development, splenic precursors emerge as
mesenchymal condensation within the dorsal mesogastrium at
~E10.5-11.0.%7 Timely and spatially controlled expression of a set
of transcription factors governs spleen ontogeny resulting in the
formation of red pulp and white pulp structures with segregated
B and T cell niches.’®® In a recent study, the differentiation trajec-
tories from committed splenic white pulp mLTo cells to specialized
FRC subsets were delineated by combining single-cell transcriptom-
ics with in vivo cell-fate mapping.?® Using timed tracing of Ccl19-
iEYFP-targeted FRCs, starting from embryonic day E19.5, Cheng
and colleagues demonstrated the perivascular localization of FRC

progenitors around the central artery (Figure 3A). The timed, condi-
tional deletion of LTPR from Ccl19-iEYFP-targeted FRCs revealed a
block in fate-mapped FRC subset differentiation, whereas mural cell
specification and sustenance of a multipotent periarterial progeni-
tor was found to be LTBR-independent. Based on these findings a
two-signal program was proposed as model for splenic FRC subset
specification. In this model, LTBR-dependent activation of mLTo cells
serves as “signal 1" to commit to an FRC lineage, while further FRC
subset specialization depends on secondary signals that likely reflect
the immune microenvironment and extrinsic imprints from interact-
ing cellular partners (Figure 3B). As the sustenance of adult reticular
progenitors is independent of LTPR signaling, a yet undefined pre-
ceding signal is required to establish and maintain the periarteriolar
progenitor niche.?® Further cell-targeted genetic perturbation stud-
ies are required to delineate the nature of this initiating signal in the

splenic white pulp.

5.2 | Lymph node organogenesis

Depending on the bodily region, lymph node organogenesis in mice
is initiated between E12 and E17 and is driven by sequential acti-
vation of different LTo cell subtypes.!? The time and localization
of lymph node initiation is determined by specialized lymphatic
endothelial LTo cells that attract and retain circulating LTi cells at
vascular intersections via RANK and LTBR signaling.?>1%? Localized
swarming of LTi cells at sites of lymph node anlage formation leads
to the activation of local perivascular CXCL13* FAP* mesenchymal
and lymphatic endothelial LTo cells leading to the remodeling of
the vascular and fibroblastic infrastructure?>®? (Figure 3A). These
interactions induce the upregulation of adhesion molecules*'® and
chemokines’ as part of a positive feedback loop that ultimately
drives the maturation of blood endothelial LTo cells and specialized

FRC subsets.’®? FRC subset differentiation and niche maturation
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FIGURE 3 FRC precursor and differentiation pathways across SLOs. (A) In the spleen, periarterial mLTo cells can give rise to all FRC
subsets, while in the lymph node FRCs likely arise from mLTo cells in the perivenous space. In Peyer's patches convergent FRC differentiation
from two distinct progenitor lineages, a perivascular and a subepithelial mLTo population. (B) Two-signal model of FRC differentiation from
progenitor populations. Mesenchymal lymphoid tissue organizer cells (mLTo) receive an initiating signal to commit to a progenitor FRC
(pFRC) intermediate, that commits to the FRC lineage following an LTAR and NFxB-dependent “signal 1", and “signal 2" drives downstream

differentiation into specialized FRC subsets
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requires LTBR and NF«xB pathway signaling in mLTo cells as demon-
strated by the conditional ablation of LTBR expression or the alter-
native NFkB pathway in Ccl19-Cre or Cxcl13-Cre-expressing mLTo

25111 and adipocyte precursor cells.*? In line with this finding, it

cells
was shown that the genetic abrogation of the canonical NFkB path-
way in Ccl19-Cre-expressing cells inhibits FRC differentiation,*®
and constant LTPR signaling throughout postnatal life is required for
FRC differentiation.'** Together these studies reinforce the notion
that LTBR and NF«B signaling act as major switch for FRC subset dif-
ferentiation, equivalent to the “signal 1” suggested for splenic FRCs.
A recent study described YAP and TAZ, effectors of Hippo signal-
ing, as additional factors that determine FRC lineage commitment

115 identifying this pathway as an initial

prior to LTBR engagemen
signal preceding “signal 1” in FRC differentiation (Figure 3B). Since
G-protein-coupled receptors, mechanical forces and Wnt signaling
can feed into the YAP/TAZ signaling pathway,'*¢ further studies are
warranted to explore the cellular and molecular triggers of the Hippo

pathway in lymph node FRC precursors.

5.3 | Peyer's patch ontogeny

Peyer's patch organogenesis is initiated at E16.5 when LTi cells ac-
cumulate in a network of postcapillary venules along the intesti-
nal wall.**”1!® Similar to the activation of mLTo cells during lymph
node formation, accumulation of LTi cells in Peyer's patch anlagen
induces LTBR-dependent FRC maturation from perivascular LTo
cells.}?? Recently, high-resolution analysis of FRCs from Coléal-Cre
and Ccl19-Cre mice was used to delineate FRC differentiation tra-
jectories in Peyer's patches.?” It was shown that the initial activa-
tion of perivascular LTo cells is followed by increased lymphocyte
infiltration and LTBR-dependent activation of subepithelial LTo cells
(Figure 3A). While activated subepithelial LTo cells induce the for-
mation of MRC networks, perivascular LTo cells support the for-
mation of T cell zones. Interestingly, progenitor cells from both the
perivascular and the subepithelial lineage were found to converge
in the TNF-mediated maturation of FDCs.?” While the convergent
differentiation from two distinct progenitor lineages appears to be
a unique pattern of Peyer's patch organogenesis, LTfR signaling has
been confirmed as the main switch that drives FRC differentiation,
equivalent to the proposed “signal 1” in other SLOs. Accordingly,
TNF signaling acts as secondary signal that drives FDC subset speci-
fication (Figure 3B).

In summary, while FRC subsets form convergent functional
niches across distinct SLOs, their differentiation trajectories and
progenitor populations are different. In the spleen, FRCs arise from
periarterial mLTo cells,?® while in the lymph node anlage, perivenous
mLTo cells give rise to lymph node FRCs.?’ In Peyer's patches, both
perivascular and subepithelial mLTo cells converge to give rise to all
FRC subsets.?” The observed LTBR-independent persistence of peri-

232527 raises

vascular mLTo cells in each of these developing SLOs
the possibility that an initiating signal preceding “signal 1” may be

provided by the crosstalk with endothelial LTo cells as suggested in
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the lymph node anlage.?® FRC differentiation from mLTo cells fol-
lows a basic two-signal model (Figure 3). LTBR signaling appears to
be the conserved “signal 1” that determines whether progenitor
mLTo cells differentiate into immune-interacting FRCs. Accordingly,
“signal 2" regulates downstream specialization into different FRC
subsets. This secondary signal likely reflects extrinsic imprints from
the distinct microenvironments and was proposed to involve RANK-
RANKL signaling to support MRC differentiation in lymph nodes,*°?
and TNFR signaling in the differentiation of FDCs in the spleen and
Peyer's patch.?1% As an additional layer of complexity, progenitor-
progeny relationships exist between FRC subsets during embryonic
SLO development, as has been demonstrated in the convergence of
perivascular and subepithelial progenitors in FDC differentiation in
Peyer's patches,?” and the lineage relationship between MRCs and
FDCs using a multicolor fate-mapping system in lymph nodes.*?
Although pharmacological studies suggest that the continued en-
gagement of key pathways such as the LTPR and TNFR pathway are
important to maintaining postnatal FRC subset identity,”®1* to what
extent these progenitor-progeny relationships are maintained or re-
shaped in established SLOs over a lifetime of pathogen surveillance

remains to be determined.

6 | FRC ACTIVATION

In the course of the encounter with pathogens, lymphoid microen-
vironments increase in size through the recruitment and prolifera-
tion of immune cells leading to profound changes in the reticular cell
network.? In addition to FRC proliferation,”**?° topological changes
in FRC network organization occur to support germinal center re-
sponses,®! lymphangiogenesis,’?* and even de novo B cell follicle
formation.'??> Moreover, a number of FRC-derived factors have
been shown to modulate adaptive immune responses to a number
of pathogens. FRCs crucially contribute to an efficient adaptive im-
mune response by secretion of stimulatory factors and cytokines
including BAFF, IL-6, and IL-337972123 and express activating
molecules such as major histocompatibility complex (MHC) mol-
ecules that most likely influence antiviral CD8* T cell priming.”?1%4
Concomitantly, FRCs are involved in modulating adaptive immune
responses via the expression of peripheral tissue a\ntigens,3 inhibi-
tory molecules such as programmed death-ligand 1 (PD-L1),°412°
or metabolites such as nitric oxide or prostaglandin E2/cyclooxy-
genase-2 (PGEZ/COX—Z) in mice, 2128 or a multi-axis regulation of
T cell responses via indoleamine-s,2-dioxygenase (IDO), adenosine
2A receptor (A2AR), PGE, and transforming growth factor-beta
(TGFB) as shown for FRCs in human tonsils.*?? At sites of continuous
commensal stimulation, innate immunological sensing pathways
also modulate the effector functions of group 1 innate lymphoid
cell (ILC) and natural killer (NK) cell activity following enteric coro-
navirus infection, maintaining intestinal barrier integrity.%® While
FRCs have been shown to contribute to various facets of innate and
adaptive immune cell activation in SLOs, it remains unclear whether

inflammation induces the acquisition of certain immune-stimulating
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FRC functions, or whether SLO FRCs are continuously poised to
facilitate adaptive immunity.

In the first high-resolution transcriptomic study of lymph node
FRCs, Cyster and colleagues compared FRC identity in lymph nodes
from naive mice and mice infected 14 days earlier with the lympho-
cytic choriomeningitis virus (LCMV).>® No new subsets were appar-
ent from this analysis, although differential gene signatures were not
assessed. Two recent studies have compared the molecular identity
of FRCs following inflammatory and genetic perturbation to eluci-
date the molecular changes in FRC subset composition in a function-
ally relevant manner. Perez-Shibayama et al used a locally restricted
LCMV infection model with the slowly replicating Armstrong strain
to study infected lymph node FRCs as targeted with the Ccl19-Cre
mouse model. Upon infection, they observed a transcriptional up-
regulation of immune stimulatory processes including type | inter-
feron (IFN) response, antigen presentation, and chemokine-driven
immune cell recruitment across all FRCs. While LCMV elicits a ro-
bust CD8" T cell response,’*° the vesicular stomatitis virus (VSV)
is known to evoke strong humoral immune responses.’*! Pikor
et al made use of the VSV immunization model to study BRC re-
modeling during the germinal center response. Upon inflamma-
tion, distinct BRC subsets showed individual activation signatures
reflected in relatively small transcriptional changes compared to
the marked topological remodeling of the germinal center. While
LZ-FDCs showed elevated expression of Fc-binding receptors and
cell shape markers, DZ-FDCs were found to upregulate the chemo-
kines Cxcl1 and Cxcl16 as well as the cytokine 116, integrin-binding
proteins, and extracellular matrix-remodeling proteins. Although
LCMYV infection resulted in an overall transcriptional shift with a
consistent upregulation of immune activation gene signatures in all
FRC subsets, VSV immunization induced only small subset-specific
transcriptional changes (Figure 2B). However, in both studies there
was no evidence for the inflammation-induced differentiation of a
new FRC subset, rather, FRC subset identities (ie, the expression of
defined FRC subset markers) were preserved in lymph nodes from
naive and virus-infected mice. Collectively, these findings suggest
that unlike lymphocytes, FRC subset specification is predetermined
in the steady-state and only the activation state is affected during
inflammatory responses.

These observations beg the question of whether a transcription-
ally poised FRC network is beneficial for the robustness of adap-
tive immune responses. Since Perez-Shibayama and colleagues
observed a profound type | IFN response across FRCs following
LCMV infection, they assessed the consequence of FRC-specific
type | interferon-a receptor (IFNAR) ablation. They observed that
tonic IFNAR signaling in Ccl19-Cre” FRCs was important for se-
questering myeloid cells and viral antigen at interfollicular regions
thereby ensuring the optimal type | IFN-mediated upregulation of
antigen-presenting machinery and productive CD8* T cell antiviral
immunity.>* Along similar lines, by selectively deleting Cxcl12 from
Cxcl13-Cre-targeted BRCs, Pikor et al demonstrated that a poised
BRC network and CXCL12 gradient is important for the optimal lo-
calization of proliferating B cells at the T-B border, the topological

remodeling of the germinal center, and the focused interaction of
B cells, antigen and T, that drives B cell selection and high-affinity
germinal center output.31 Taken together, both studies highlight that
FRC subset specification is transcriptionally and spatially poised in
the steady-state to steer efficient adaptive immunity. Continued
high-resolution single-cell genomics paired with cell type-specific
FRC gene ablation models will help to further elucidate how individ-
ual FRC subsets contribute to immune homeostasis and activation in

response to distinct external stimuli.

7 | CONCLUSIONS

Efficient adaptive immunity across SLOs is steered by special-
ized FRC subsets that form distinct microenvironmental niches to
promote the optimal interaction of lymphocytes with other lym-
phocytes, antigen, antigen-presenting cells, and soluble media-
tors. Resolving FRC heterogeneity, differentiation and activation is
pivotal to understand the induction of immune responses in SLOs,
but also at non-lymphoid sites of inflammation. The development
of high-resolution, single-cell techniques established platforms to
study FRC biology with an unprecedented resolution. Deciphering
gene signatures and anatomical localization within SLOs reveals that
FRC subset identity reflects their spatial positioning and interacting
immune cell partners. Although a direct comparison of FRC subsets
across SLOs is still lacking, comparisons across studies reveal an ap-
parent convergence of FRC subset identities, consistent with the
notion that anatomically distributed SLOs ultimately fulfill a com-
mon function. To advance the understanding of FRC biology be-
yond heterogeneity, high-resolution transcriptomics combined with
specialized genetic models has propelled and will further foster the
elucidation of FRC differentiation lineages and immunological func-
tions. Moreover, the transcriptomic analysis of lymph node FRCs fol-
lowing inflammatory and genetic perturbations has started to reveal
the intricacy with which spatially and transcriptionally poised FRC

subsets steer humoral immunity?”3!

or bridge the gap between in-
nate and adaptive immunity®* by accommodating an inflammation-
induced change in state. Future studies will unify the molecular
identity of FRC subsets, define differentiation and activation states
and reveal further immunological functions by which FRCs govern
innate and adaptive immunity.

Although there are some inconsistencies in FRC subset charac-
terization across studies (owing to differences in clustering reso-
lution or cell input number), tremendous progress has been made
in defining the molecular and functional FRC landscape in SLOs in
murine models. It will be important to further elaborate FRC-driven
regulation of lymphocyte activation and regulation as pioneered
by Fletcher and colleagues who identified molecular mechanisms
underlying FRC-restricted T cell activation as potential therapeutic
strategies for CAR-T cells.*?? Clearly, future technological advances
such as spatial transcriptomics132 will facilitate the study of human
FRCs, bridging knowledge and insights from the murine setting. As
SLO FRCs can be regarded as the prototypical immune-interacting
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fibroblasts, a profound understanding of FRC activation and differ-
entiation will meaningfully guide research on therapeutically tar-

geting stromal cell-underpinned niches in autoimmunity and cancer.
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