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Abstract

Single-cell sequencing approaches offer exploration of tissue architecture at unprecedented
resolution. These tools are especially powerful when deconvoluting highly specialized
microenvironments, such as stem cell (SC) niches. Here, we review single-cell studies that map the
cellular and transcriptional makeup of stem and progenitor niches and discuss how these high-
resolution analyses fundamentally advance our understanding of how niche factors shape SC
biology and activity. In-depth characterization of the blueprint of SC-niche crosstalk, as well as
understanding how it becomes dysregulated, will undoubtedly inform the development of more
efficient therapies for malignancies and other pathologies.

Every process in our body is mediated by highly orchestrated cellular cross-talk. Elucidating
how cellular dialog is established, maintained, and altered by stress represents a major
challenge in modern biology. Most mammalian tissues contain rare adult stem cells (SCs)
that support organ homeostasis and regeneration. SC function is dependent on unique
molecular cues and, as such, SCs are maintained in cellular milieus, termed SC niches. A
variety of cell types serve as building blocks of these specialized compartments and are
tailored to regulate SC quiescence, self-renewal, survival, and differentiation.

The concept of the SC niche was proposed in the late 1970s (Schofield, 1978). Current
understanding of SC niche composition is drawn from studies utilizing elegant imaging
approaches (Voog and Jones, 2010) and genetic tools (Crane et al., 2017; Hanoun and
Frenette, 2013). More recently, with the advancement of single-cell genomics, simultaneous
profiling of thousands of individual cells has become widely accessible and applied to a
variety of fields (Kolodziejczyk et al., 2015). Resulting datasets afford a high-resolution
glimpse into cellular heterogeneity, molecular topology, and functional plasticity of the
tissues. Discerning the cellular identity of niche components and their specific contribution
to SC maintenance is central to unravelling the mechanisms governing tissue development,
homeostasis, and regeneration. Furthermore, web resources facilitate sharing and exploration
of these datasets by the scientific community, taking the acquired knowledge beyond the
confinement of published manuscripts (Tanay and Regev, 2017). Here, we review key
studies utilizing single-cell transcriptomics to elucidate the molecular architecture of bone,
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thymus, gut, lung, and central nervous system SC and progenitor niches in mice and men
(Figure 1). Specifically, we discuss emerging insights into epithelial, mesenchymal, and
immune components of SC microenvironments and their functional plasticity. We place
single-cell studies in the context of previous research and discuss unresolved questions and
future directions in the field.

Hematopoietic Niches

Bone Marrow

Every second, our body produces millions of blood and immune cells. This process, termed
hematopoiesis, is vital to oxygen transport, immune defense, and tissue remodeling. The
hematopoietic system can adapt rapidly and precisely to varying perturbations such as
inflammation and cytopenia. Hematopoietic dysregulation has devastating consequences,
including anemia, chronic infections, and tumorigenesis. In mammals, continuous
production of the different blood lineages is sustained by a rare population of self-renewing
hematopoietic stem cells (HSCs) (Crane et al., 2017; Morrison and Scadden, 2014; Wei and
Frenette, 2018). HSCs arise during embryonic development and initiate hematopoiesis in
specific fetal niches before relocating to the bone postnatally (Medvinsky et al., 2011). The
bone marrow (BM) microenvironment supports differentiation of all hematopoietic lineages
with the notable exception of T-lymphocytes that differentiate in the thymus (Abramson and
Anderson, 2017). To generate a broad repertoire of hematopoietic lineages, HSCs give rise
to an array of oligopotent progenitors, which extensively proliferate and progressively
differentiate into mature cells.

A variety of BM cell populations, including endothelial cells (ECs) and mesenchymal
stromal cells, support the generation of blood cells. Discovery of the specificity of SLAM
family markers to identify HSCs led to the finding that HSCs reside near sinusoidal vascular
cells, suggesting that HSCs might be maintained in a perivascular niche, comprised of
endothelial and perivascular cells (Kiel et al., 2005). Vascular endothelial and perivascular
cells are the source of key niche factors, including SDF-1 (Cxc/12) and SCF (Kitl), required
for HSC maintenance. The Cxcl12-Cxcr4 axis serves as a molecular anchor for HSC
retention in the BM and plays a critical role in maintaining HSC quiescence (Ding and
Morrison, 2013; Greenbaum et al., 2013). Conditional deletion of these factors in the
vascular or perivascular compartment results in HSC depletion or mobilization (Ding et al.,
2012).

Endothelial niches.—BM endothelial cells (BMECs) form an extensive network of blood
vessels and exhibit diverse morphology, potentially representing functionally distinct niches.
Branched networks of sinusoidal capillaries (SECs) constitute the majority of BMECSs,
whereas BM arteriole vessels (aECs) contain comparably few side branches and are
longitudinally aligned along the diaphysis. A series of studies based on cell-surface-marker
expression and functional characteristics identified two subtypes of BM sECs.
CD31MghEMCNNiIGh H-vessels, found in the metaphysis, are organized as vessel columns,
whereas CD31/°VEMCN!W |_-vessels account for the majority of the SECs and are arranged
into highly branched capillary networks throughout the BM cavity. These findings highlight
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heterogeneity within SECs and, given distinct hypoxia status, the presence of distinct
metabolic environments in the bone (Kusumbe et al., 2014).

While the important role of vascular cells in HSC maintenance is broadly accepted, the
degree of transcriptional heterogeneity of the BM vascular compartment has been hard to
define. Furthermore, the preferential localization of quiescent HSCs in relation to sinusoidal
versus arteriolar spaces at steady state and after stress remains controversial (Acar et al.,
2015; Itkin et al., 2016; Kunisaki et al., 2013). scRNA-seq analysis of BMECs identified two
major, transcriptionally distinct subpopulations: Ly6a"i9" arteriolar and Stab2Md sinusoidal
cells. Baryawno et al. identified an additional endosteal BMEC population characterized by
Vwiexpression (Baccin et al., 2020; Baryawno et al., 2019; Tikhonova et al., 2019).

scRNA-seq analysis confirmed that all BMECs express broad endothelial markers, such as
Pecaml, Cdh5, Kdr, Emcn, and Tek. SECs express high levels of /cam, which supports
HSC quiescence (Liu et al., 2018), and angiogenin (Ang), reported to promote stemness in
hematopoietic stem progenitor cells (HSPCs) while stimulating proliferation of myeloid
progenitors (Goncalves et al., 2016). aECs, in contrast, express lower levels of /cam1 and
have upregulated expression of /camZ2, suggesting diverse adhesion roles for these
compartments. Within BMECs, the arteriolar cluster is enriched in Kit/and Cxcl12
expression. Kit/expressed by the aECs, but not the SEC compartment, resulted in significant
reduction in percentage and absolute numbers of long-term HSCs. After 5-FU-mediated
myeloablation, HSCs from animals with aEC-specific deletion of SCF had impaired
recovery and hematopoietic reconstitution capacity, indicating that aEC-derived SCF
significantly contributes to HSC maintenance at steady state and regeneration after
myeloablation (Yue et al., 2016). On the other hand, tracking quiescent HSCs in live animals
revealed their preferential proximity to both SECs and the endosteal surface (Christodoulou
et al., 2020). Therefore, the exact identity of BMECSs that maintain quiescent HSCs is a
matter of ongoing research.

While the spatial distribution of HSCs in relation to vascular subsets continues to be debated
and cannot be resolved with transcriptomics alone, SCRNA-seq analysis has significantly
improved our understanding of the transcriptional landscape of BMECs. scRNA-seq analysis
has revealed two major, transcriptionally distinct BMEC subpopulations: arterioles and
sinusoids. Notably, sScRNA-seq data are a snapshot of a point in time and likely do not
reflect the full extent of BMEC complexity. Future studies throughout different
developmental stages and conditions, coupled, for example, with mass cytometry
(CyTOF)based single-cell protein analysis (Severe et al., 2019) and spatial transcriptomic
approaches, will further inform our understanding of the BM vascular architecture.

Mesenchymal niches.—HSC localization in proximity of BMECs directed the field’s
interest to the perivascular cells that wrap around blood vessels throughout the BM. BM
perivascular cells contain mesenchymal stem and progenitor cells (MSPCs) that have the
potential to differentiate into osteoblasts, adipocytes, and chondrocytes (Kfoury and
Scadden, 2015). Considering their multi-lineage differentiation potential, the phenotypic
markers of BM mesenchymal stem cells (MSCs) have been of great interest. Earlier studies
proposed a BM Pdgfra*Sca-1* population to contain MSCs (Houlihan et al., 2012).
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Subsequent reports, however, revealed functional heterogeneity within PadgfratSca-1* cells.
Taking advantage of transgenic labeling of Leptin-receptor-expressing (Lepr™) mesenchymal
populations, enriched for MSC activity (Yue et al., 2016; Zhou et al., 2014), our group
identified two transcriptionally similar but distinct sub-populations of quiescent MSPC:
adipogenesisand osteogenesis-primed cells. While Lepr-Cre-driven lineage tracing labels
both progenitor groups, adipo-primed cells express significantly higher levels of Lepr
transcript compared to the osteo-primed subset. Fate mapping indicates that osteo-primed
cells are the progeny of the LeprM9" adipo-primed population. Immunofluorescence revealed
that adipo-primed cells co-localize with SECs in the bone metaphysis, whereas osteo-primed
cells reside adjacent to aECs. Coupling laser capture microdissection of fixed BM sections
with bulkRNA-seq, and then integrating resulting signatures with BM scRNA-seq, Baccin et
al. independently confirmed the spatial distribution of mesenchymal populations and
additionally highlighted the presence of osteo-primed cells in nonvascular spaces (Baccin et
al., 2020). By applying pseudotime ordering tools to BM stroma single-cell data, Wolock et
al. inferred the gene-expression trajectories of mesenchymal progenitors as they differentiate
(Wolock, 2019). RNAVelocity identified Foxc1*Cbinl*Clec2d* cells that also express
Adipoq as the strongest “source” cell state, and pre-adipocytes, pro-osteoblasts, and pro-
chondrocytes probably serve as end state. Importantly, functional assessment of /n vitro stem
cell capacity indicated that adipo-primed MSPCs are significantly enriched in fibroblastic
colony-forming units (CFU-F) and account for the CFU-F activity of the total perivascular
population. Finally, adipo-primed MSPCs strongly correlate with the gene signature of
human BM MSCs (CD45CD271%) (Ghazanfari et al., 2016), further suggesting that early
mesenchymal progenitors reside within the adipo-primed mesenchymal subset (Tikhonova et
al., 2019).

scRNA-seq analysis of BM vascular, perivascular, and osteo compartments revealed adipo-
primed Lepr* MSPC to be a major source of pro-hematopoietic factors in the BM. In
addition to Cxc/12 (Ding and Morrison, 2013), Kit/ (Ding and Morrison, 2013), and //7
(Cordeiro Gomes et al., 2016), Lepr* adipo-primed cells expressed //15, /134, Csfl, Bmp4,
Ccl19, and Cc/2. To gain a broader understanding of BM stroma, Baryawno et al. profiled all
non-hematopoietic (Ter1197/CD717/Lin") cells in the BM, identifying previously
unappreciated subsets of fibroblasts, which also constitute a considerable reservoir of
different pro-hematopoietic factors (Baryawno et al., 2019). However, the precise location
and function of BM fibroblasts in the context of HSPC homeostasis or disease remain to be
defined.

Functional plasticity of BM microenvironment.—During steadystate hematopoiesis,
blood and immune cells are replaced in a relatively constant manner. After stress such as
infection, inflammation, chemotherapy, or blood loss, LT-HSCs start rapidly dividing and
sharply skew their differentiation toward the myeloid compartment, a process termed
emergency hematopoiesis. This augmented myeloid output provides rapid protection against
the threat of pathogens, blood loss, and tissue damage. Importantly, the emergency
hematopoietic program is transient, and HSCs return to their quiescent state. The resolution
of this response is essential to limit HSC exhaustion, restore the production of the diverse
blood lineages, and limit immunopathologies (Pietras, 2017; Pietras et al., 2016; Schuettpelz
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et al., 2014). Chemotherapy induces widespread cellular stress throughout the BM, ablating
cycling hematopoietic progenitor cells and driving HSC differentiation (Mauch et al., 1995).
Despite the mostly quiescent status of BM stroma, myeloablation affects vasculature and
perivascular subsets and causes a dramatic increase in frequencies of BM adipocytes. After
myeloablation, adipo-primed Lepr* cells sharply upregulate adipogenic signature genes,
while osteo-primed perivascular progenitors downregulate osteogenesis-associated genes
(Tikhonova et al., 2019). These findings highlight the transcriptional plasticity of MSPCs in
response to stress and are consistent with the previous work reporting expansion of BM
adipocytes after irradiation or myeloblation (Zhou et al., 2017).

The role of the microenvironment in the onset and development of hematopoietic
malignancies has been gaining attention, due to the potential for therapeutic interventions to
mitigate the development of a chemo-resistant leukemic niche. In a murine model of acute
myeloid leukemia (AML), Baryawno et al. identified significant shifts in both the cellular
composition and the transcriptional landscape of BM stroma. Leukemic development
triggers impaired osteogenesis and vascular remodeling, also reported in AML patients. Key
HSPC factors such as Cxc/12, Kitl, /17, Csf1, and Vcam1 were downregulated in MSPCs,
which is consistent with the idea that AML clones remodel their environment to
disadvantage normal hematopoiesis (Baryawno et al., 2019). Future functional studies will
explore the safety and feasibility of targeting the leukemic microenvironment to halt AML
progression and restore hematopoiesis.

Single-cell analyses have systematically mapped the transcriptional landscape of the BM
microenvironment, identifying novel cellular fractions and resolving cellular sources of pro-
hematopoietic growth factors, chemokines, and membrane-bound ligands. These efforts
illuminate our understanding of the BM niche (Figure 2) and offer novel lines of inquiry.
The proteomic architecture of BM vasculature, spaciotemporal analysis of HSCs and HSPCs
(Christodoulou et al., 2020), and precise cellular identity of BM MSCs remain areas of
active investigation.

The cardinal feature of adaptive immunity is the ability to discriminate between self and
non-self antigens. Lymphoid progenitors originate in the BM and migrate to the thymus,
where T cell development takes place. To prevent autoimmunity, T-lymphocytes are selected
based on their ability to recognize self-antigens with low affinity. Thymic selection is
marked by two consecutive stages: positive selection for thymocytes with functional TCRs
that takes place in the thymic cortex (Klein et al., 2009) and negative selection of self-
reactive T cells in the thymic medulla (Kappler et al., 1987; Kisielow et al., 1988). A variety
of antigen-presenting cells (APCs) — cortical thymic epithelial cells (cTECs), medullary
thymic epithelial cells (InTECSs), and dendritic cells (DCs) — play critical roles in thymic
selection (Cheng and Anderson, 2018), shaping the T cell repertoire. Thymic APCs have
unique properties in the expression, processing, and presentation of self-antigens specialized
for thymic selection (Bornstein et al., 2018; Miller et al., 2018).

CTECs express unique machineries for protein degradation, contributing to self-antigen
presentation and positive selection of thymocytes (Kondo et al., 2017). mTECs mediate

Cell Stem Cell. Author manuscript; available in PMC 2021 June 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tikhonova et al.

Page 6

central tolerance by presenting a broad range of tissue-restricted self-antigens, a process
termed promiscuous gene expression (PGE). Autoimmune regulator (AIRE) is a
transcription factor that promotes the expression of tissue-restricted antigens (TRAS) in the
thymic medulla (Anderson et al., 2005). Autoreactive T cells that recognize TSAs with high
affinity undergo negative selection, preventing the release of autoreactive T cells into the
periphery. Individuals harboring single A/RE point mutations on only one allele have
increased susceptibility to autoimmune diseases (Anderson and Su, 2016).

Epithelial heterogeneity.—scRNA-seq studies substantially refined our understanding of
the thymic microenvironment. Kernfeld et al. analyzed 3,341 epithelial cells isolated from
murine thymi during embryonic organogenesis at different time points. This analysis
revealed three medullary and four cortical subsets. Whereas mTEC populations were
transcriptionally distinct, cTEC subsets fell along a transcriptional continuum. Relative
frequencies of TEC populations, as well as their transcriptional landscape, varied
considerably over the course of development. Later embryonic stages, for example, were
marked by upregulation of MHC-I1 genes (H2aa, Cd74) in all TEC subsets. This study
captured heterogeneity and dynamic changes in the transcriptional architecture of the
epithelial compartment over the course of thymic development (Kernfeld et al., 2018).

To resolve TEC heterogeneity post-development, Bornstein et al. examined 2,341 epithelial
cells sorted from 4-8-weekold murine thymi. They identified a single cortical and four
medullary epithelial subsets (MTEC I-1V). mTEC populations displayed distinct
transcriptional characteristics and various levels of PGE. mTEC | cells expressed Itga6 and
Ly6a, associated with putative TEC progenitors. Aire/’GH mTEC Il cells were characterized
by canonical mTEC markers and expressed the highest number of variable and uncorrelated
genes, which are associated with PGE, among medullary epithelial subsets. High levels of
PGE were also detected in Aire:OWmTEC 11l cells. Notably, Aire-deficient mTEC Il and 111
subsets had virtually no “stochastic gene expression,” confirming the key role of Aire in
PGE. mTEC IV cells, despite shared lineage with mTEC Il and 111 cells, lacked expression
of canonical medullary markers as well as “stochastic gene expression,” suggesting
functions outside of negative selection. Surprisingly, mTEC IV cells express genes
associated with gut chemosensory tuft-cells, such as Sox9, Tromb, PouZ2f3, and cytokine,
1125, typically associated with epithelial barrier tissues (Bornstein et al., 2018).

A study by Miller et al., employing an inducible Aire-lineage tracing model, also found tuft-
like mTECs in adult mice. By using a combination of low-input bulk RNA-seq and single-
cell approaches, the authors established that 18 out of 20 tuft-specific markers are shared
between gut-resident tuft cells and tuft-like mTECs. Functional studies from both groups
revealed that animals deficient in Pou2f3, a master regulator of tuft cells, had a complete
loss of tuft-like mTEC cells. Pou2f3 knock-out studies revealed that tuft-like mTECs
establish tolerance to antigens they express, control the pool-size of thymic ILC2s, and
contribute to development and intra-thymic function of type 2 invariant natural killer T
(NKT?2) cells, unconventional “innate-like” T lymphocytes implicated in regulating
immunity to a diverse range of infections (Miller et al., 2018). Although thymic cells
bearing tuft-cell-like morphology and expressing canonical taste transduction genes have
been reported prior to these studies (Panneck et al., 2014; Soultanova et al., 2015), single-
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cell approaches have enabled characterization of the previously unappreciated transcriptional
and functional features of this intriguing subset (Figure 3).

Our understanding of T cell selection is shaped largely by studies in animal models.
Adaptive responses in humans are significantly more complex and command in-depth
understanding of the human thymus. In a tour-de-force work, Park et al. performed scRNA-
seq on 255,901 cells from developing, pediatric, and adult thymi. This extensive dataset
includes differentiating T cells, resident immune subsets (B cells, natural Killer [NK] cells,
innate lymphoid cells [ILCs], macrophages, monocytes, and DCs), as well as epithelial,
vascular smooth muscle, endothelial, lymphatic, ECs, and fibroblasts. Notably, SSRNA-seq
identified previously uncharacterized thymic fibroblasts that were further split into two
subtypes, F1 and F2. Single-molecule fluorescence /n situ hybridization (SmFISH) spatially
placed these subsets in perilobular (F1) and interlobular (F2) areas. Human TEC populations
were annotated and compared to their mouse counterparts (Bornstein et al., 2018), revealing
CcTECs and mTEC I-111 cells to be largely conserved across these species. Low frequencies
of tuft-like mTEC IV cells were also detected in human thymi, but in contrast to mice,
POUZ2F3 expression was not specific to human tuft-like mTECs. In addition to the thymic
microenvironment, Park et al. characterized T cell developmental trajectories, combined
with TCR repertoire analysis. We encourage the readers to independently explore these
fascinating datasets (Park et al., 2020).

Collectively, these studies conducted in-depth analyses of the complex thymic compartments
and uncovered novel cellular layers in the organization of the thymic niche. The effects of
malignant transformation and infection have not been examined so far with sScRNA-seq.
These will be critical areas of focus as the field moves forward, shedding light on the thymic
niche under conditions of stress.

Barrier Tissues

Intestine

Barrier tissues in the mammalian body — intestine, lungs, skin, and liver — represent the
organism’s first line of defense against environmental insults. These specialized milieus are
composed of myriad cell types and are host to commensal microbiota. Highly orchestrated
interplay between tissue resident populations maintains homeostasis, shapes responses to
sudden changes in the environment, and repairs tissue damage. In this section, we will
discuss advances in understanding the intestinal and lung SC niches, brought to light by
single-cell sequencing studies, and review topics where our current understanding is still
lacking.

Unlike the BM and thymic niches, where elegant experimental work is complemented by in-
depth characterization by sScRNA mapping of stromal compartments, current knowledge of
the intestinal SC (ISC) microenvironment is based mainly on mouse models and ex vivo
organoid cultures, and, to date, understanding of the complex heterogeneity of the intestinal
niche is in its initial stages. The intestinal tract consists of epithelial, immune, mesenchymal,
and vascular cells, and neurons. Although the epithelial and mesenchymal components of
the intestinal niche have largely been described, and the immune component of the niche has
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been brought to light, the molecular function of other important subpopulations is yet to be
elucidated.

The intestinal epithelium consists of enterocytes, Paneth, goblet, tuft, and neuroendocrine
cells that are constantly generated by highly-proliferative Lgr5* ISCs (Sato et al., 2009).
Paneth cells act as an epithelial niche, supporting Lgr5* cell proliferation (Sato et al., 2011).
In contrast to the clear hierarchy of the epithelium, contribution of other cells in the
intestinal tract to epithelial maintenance is largely unknown. Mesenchymal cells have been
shown to play an important role in maintaining intestinal integrity and contribute to
epithelial differentiation (\Valenta et al., 2016). However, the heterogeneity of the intestinal
mesenchymal compartment has complicated identification of specific populations
contributing to ISC niches.

Mesenchymal niches.—The intestinal epithelium is organized in crypt-villus units,
whereby epithelial cells migrate from the base of the crypt and along the villus axis as they
differentiate. This relies on opposing gradients of Wnt and BMP signaling (Gehart and
Clevers, 2019). The Wnt pathway is active in the base of the crypt and required for stem-cell
maintenance, whereas the BMP pathway is active in the villi and mediates progenitor
differentiation. In the small intestine, Paneth cells express Wnt ligand Wnt3a, Notch ligands,
and EGF required for ISC maintenance and proliferation (Sato et al., 2011). In addition to
Paneth cells, mesenchymal cells line the intestinal epithelium and have been shown to
express key factors required for ISC maintenance. Mesenchymal cells are thought to be the
main source of Wnt ligands in the colon, where there are no Paneth cells, and are important
for maintaining epithelial architecture also in the small intestine. In the small intestine, Glil*
mesenchymal cells residing in the crypt area produce Wnt2b (Valenta et al., 2016), and
blockade of Wnt secretion by these cells leads to loss of crypt architecture. Furthermore, in
mice with impaired epithelial Wnt secretion, the Glil* mesenchymal compartment is
enlarged, suggesting these cells compensate for a dysfunctional epithelial niche in the small
intestine. In the colon, where Wnt is not produced by epithelial cells, Wnt production by
Gli1* mesenchymal cells is essential for maintaining colonic crypts. scRNA-seq of colonic
Gli1™* cells revealed the presence of eight clusters, representing eight transcriptionally
different sub-populations, two of which express Wrnt2b and other Wnt ligands. In parallel to
these studies, a subset of mesenchymal cells, FoxI1* telocytes, lining the entire length of the
intestinal epithelium from small intestine to colon, were also shown to express Wnt ligands
Wht2band Whntba. Blockade of Wnt secretion in these cells lead to loss of epithelial
structures throughout the intestine (Shoshkes-Carmel et al., 2018). sScCRNA-seq of
mesenchymal cells also demonstrated overlap between G/iZ and Fox/I mRNA expression
(Degirmenci et al., 2018), indicating that they mark the same cell population. Indeed,
Madison et al. have shown that Gli proteins bind the FoxI1 promoter in the intestine
(Madison et al., 2009), providing a mechanistic link between these two markers. While parts
of the murine colonic niche have been elucidated at high resolution by single-cell
transcriptomics, a full census of the colonic and small-intestinal niche is still lacking.

The role of the mesenchymal niche in maintenance of the colonic epithelium appears to be
conserved in humans. A scRNA-seq census of human mesenchymal cells has revealed a
subpopulation expressing non-canonical Wnt ligands, WNT5A and WNT5B, as well as
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BMPZand BMPS5, residing in close proximity to the epithelium (Kinchen et al., 2018).
However, it is not clear if Wnt-secreting cells in humans are the same Gli1*/ FoxI1* cells
identified in murine models. Importantly, Kinchen et al. also characterized unique markers
for each mesenchymal subpopulation, providing important tools for further isolation and
characterization of the human mesenchymal niche (Kinchen et al., 2018). Functional
validation of these markers could help resolve the degree of conservation between the
human and murine niche.

Immune niches.—Cytokines produced by T cells are another important component of the
intestinal niche. Surprisingly, scRNA-seq analysis revealed that a subset of Lgr5* ISCs in
the small intestine express the MHC class-11 antigen presentation machinery, previously
thought to be exclusive to antigen-presenting cells in the immune system. Cytokines secreted
from different T helper (Th) subsets influence ISC trajectories, and MHC-I1-bearing 1ISCs
play an important role in resolving infection (Biton et al., 2018). Cytokines secreted by T
cells influence differentiation of epithelial cells in response to injury; while acute bacterial
infection induces Thl cytokines and leads to an increase in enterocyte and Paneth cell
frequency, helminth infections induce Th2 cytokines, leading to an increase in goblet and
tuft cell frequency. These /in vivo observations were supported by elegant organoid
experiments, where addition of Th1 or Th2 cytokines skewed organoid differentiation
toward enterocytes or goblet and tuft cells, respectively. This is in line with the established
role of these cells in response to bacterial or helminth infection: Paneth cells produce anti-
microbial peptides (Bevins and Salzman, 2011), whereas tuft cells secrete the epithelial
cytokine IL-25 and enhance Th2 immune responses (von Moltke et al., 2016). Furthermore,
interactions with regulatory T cells (Tregs) control ISC numbers, and depletion of Tregs led
to expansion of proliferating Lgr5* ISCs. Furthermore, complete T cell depletion, or
deletion of MHC-II in ISCs, leads to an increase in ISC numbers (Biton et al., 2018). Thus,
immune cells constitute an important part of the small-intestinal niche (Figure 4), and it
would be interesting to examine their role in other barrier tissue niches. It is tempting to
speculate that immune cells play a similar role in regulating the colonic niche, which is more
susceptible to inflammatory bowel disease (IBD) and where exposure to commensal bacteria
is more prevalent.

Functional plasticity.—The intestinal epithelium has remarkable plasticity and can
regenerate following acute injury, such as irradiation or bacterial infection. In mice, damage
to the intestinal epithelium leads to remodeling of the mesenchymal niche, with expansion of
an inflammatory subset of mesenchymal cells. The mesenchymal niche is also altered in
inflammatory bowel disease (IBD) patients, with emergence of mesenchymal cells
expressing MHC-I1 genes, chemokines CCL19and CCLZ21, and proinflammatory cytokine
/133, coinciding with depletion of Wnt-expressing niche cells (Kinchen et al., 2018). This
depletion might account for the structural remodeling of the intestinal epithelium in IBD,
and indeed, in murine models, depletion of Wnt signals from mesenchymal cells leads to
loss of epithelial structure (Degirmenci et al., 2018; Shoshkes-Carmel et al., 2018).
Considering the role of T cell-derived cytokines in dictating intestinal differentiation, it is
possible that this mesenchymal cluster acts as an inflammatory niche in IBD. scRNA-seq of
colonic epithelial samples from IBD patients has revealed epithelial composition changes,
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including depletion of pHsensing cells, enrichment of microfold cells (specialized cells with
arole in antigen sampling), and changes in Wnt regulatory factors in ISCs (Parikh et al.,
2019; Smillie et al., 2019). The functional significance of these changes in disease
progression remains to be determined and might pave the way for novel therapeutic
strategies for IBD.

The lung epithelium is subdivided into conducting airways, responsible for oxygen transport
to the lungs, and respiratory epithelium, where gas exchange takes place. These key
functions are enabled by specialized structures and cell types. Within the lung, the two
epithelial compartments originate from two distinct SC subpopulations; in the conducting
airways, epithelial SCs are a subset of basal cells (Rock et al., 2009), whereas in the
respiratory epithelium, type 2 alveolar cells contain the SC fraction (Barkauskas et al.,
2013). Single-cell analysis of different lung compartments, in both murine and human tissue,
has revealed important insights into lung cell hierarchy and niche structure, highlighting
novel cell types with important implications in lung function and pathology.

Conducting and respiratory airways.—The conducting airway epithelium consists of
basal, secretory, and ciliated cells, as well as rare pulmonary neuroendocrine cells and brush
cells (Rock et al., 2009). Lineage-tracing studies combined with single-cell sequencing
analysis revealed a hierarchy of differentiation, originating with basal cells and giving rise to
different subsets of secretory populations, including tuft and goblet cells and ciliated cells
(Montoro et al., 2018). Likewise, in a census of human lung epithelium by Vieira Braga and
colleagues, pseudotime analysis inferred a differentiation trajectory starting with basal cells
and bifurcating into secretory and ciliated populations (Vieira Braga et al., 2019). An
independent study of human lung revealed that 5% of basal cells are actively proliferating,
whereas 29% of the basal compartment expressed lineage-restricted markers, indicating
ongoing differentiation (Travaglini et al., 2019). Importantly, the human lung was shown to
contain 17 unique cell types that were not identified in mouse models, including novel
stromal and vascular populations, as well as novel epithelial populations (Travaglini et al.,
2019). These findings highlight the need for comprehensive molecular atlases of different
tissues, which will allow for better modeling of development and disease. Furthermore, these
results emphasize that special care should be taken when inferring human cell function using
murine models, and where possible, findings in mouse models should be validated using
human samples.

In the respiratory epithelium, type 1 alveolar cells (AT1) mediate gas exchange, whereas
type 2 alveolar cells (AT2) secrete surfactant. A small subset of AT2 cells act as respiratory
SCs (Barkauskas et al., 2013), giving rise to all alveolar cells in the respiratory epithelium,
yet the signals distinguishing AT2 SCs from bulk AT2 cells are not fully understood.
Travaglini et al. identified two clusters of AT2 cells. One expresses canonical AT2 genes, as
well as Wnt and Hedgehog inhibitors and cell cycle inhibitors, indicating these are mature
AT2 cells. The second cluster expressed Wnt pathway genes, including Wnt ligand WNT5A,
Whnt receptor LRP5, and Wnt transcription factor 7CF4. These cells may correspond to the
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Wht-active AT2 SCs identified in mice, yet experimental evidence for this is lacking
(Travaglini et. al, 2019).

Mesenchymal niches.—Considering the different anatomical location and specialized
functions performed by different sub-populations of lung epithelial cells, it has been
presumed that distinct niche elements regulate each compartment. Indeed, Lee et al., using
genetic lineage tracing, identified two subpopulations of lung mesenchymal cells,
distinguished by expression of Wnt-pathway receptors Lgr5and Lgré (Lee et al., 2017).
Lgr5 and Lgr6 are well-known markers of intestinal SCs and skin progenitors. In the adult
lung, however, their expression is restricted to mesenchymal populations. Whereas Lgré*
cells are found in proximity to both bronchiolar and alveolar cells, Lgr5+ cells are
predominantly found in proximity to alveolar cells. sScRNA-seq of Lgr5- and Lgr6-
expressing lung mesenchymal cells revealed five distinct mesenchymal subpopulations,
including one cluster enriched for Pdgfra, Wnt2, and Fgf10- all of which are key extrinsic
factors for lung epithelial maintenance. Whereas Lgr5- and Lgr6-expressing cell subsets
express common factors, the role of each subset is restricted to specific lung compartments.
Specifically, Lgré* mesenchymal cells support organoid formation from club cells via
production of Fgf10. In sharp contrast to their role in airway epithelium maintenance, Lgr6*
cells reduced alveolar organoid formation, whereas Lgr5* cells increased alveolar organoid
output, indicating spatial regulation of lung epithelium by these distinct mesenchymal
elements. Interestingly, some Lgr6™* cells were found to express Lgr5, suggesting a
developmental relationship between these subsets. However, the full composition and
developmental trajectory of the lung mesenchymal niche needs to be further elucidated to
clarify this link.

In a complementary study of the murine lung, Zepp et al. show that AT2 cells reside in close
proximity to Pagfra-expressing fibroblasts, which can promote AT2 cell self-renewal and
differentiation into AT1 cells in ex vivo cultures (Zepp et al., 2017). scRNA-seq of
mesenchymal cells, combined with elegant use of signaling reporters, allowed
comprehensive mapping of the murine respiratory niche compartment, integrating
transcriptional profiles with spatial locations. Mesenchymal cells were divided into five
distinct subsets on the basis of expression of Axin2, Wnt2, and Pdgfra. Of these,
mesenchymal cells expressing both AxinZand dgfrawere found in closest proximity to AT2
alveolar cells, and, in ex vivo experiments, were shown to preferentially support organoid
generation and differentiation of AT2 cells to AT1 cells compared to other mesenchymal
lineages. Similarly, an examination of the transcriptional landscape of alveolar fibroblasts
revealed a mesenchymal subset expressing Pdgfraand Wnt5a. Imaging analysis indicated
that Whi5a-expressing fibroblasts lie in close proximity to AT2 cells, identifying a single
Whitba-expressing fibroblast adjacent to each AT2 stem cell (Nabhan et al., 2018). These
findings suggest a niche model where Wnt secretion by subepithelial fibroblasts supports
alveolar SC function in the respiratory epithelium. However, the relationship between Lgr5
and Lgré-expressing mesenchymal cells and Pdgfra-expressing fibroblasts remains obscure,
and it is not clear if these are markers for the same population, or if they represent different
subsets of the mesenchymal niche. Further characterization of the cellular components of the
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lung niche is required to identify factors that govern the spatial specification of lung
function.

Functional plasticity.—The lungs are susceptible to several chronic diseases, which can
be induced either by inherited mutations or by exposure to environmental insults. Pathologic
changes in the lung epithelium, due to chronic disease, are likely to be accompanied by
changes in the niche, highlighting the need for in-depth understanding of niche architecture.
Because the lung is a relatively quiescent tissue (Peng et al., 2015), studies of lung SC
function largely depend on models of injury to trigger regeneration. Although these models
are somewhat artificial, they can provide important insight into the molecular pathways
involved in epithelial repair. Injury models have revealed signaling pathways and cytokines
important for lung regeneration, but their cellular sources remain unclear.

In humans, scRNA-seq of lung tissue from pulmonary fibrosis (PF) patients and from
healthy lung donors revealed significant changes in epithelial structure in PF patients,
including expansion of conducting epithelial cells and decrease in alveolar epithelial cells
(Habermann et al., 2020). A novel epithelial subtype, expressing disease-associated
extracellular matrix components, was identified specifically in PF patients from all disease
subtypes. Trajectory reconstruction inferred that these cells arise from transitional AT2 cells,
which can originate from either Scgb3aZ2*" secretory cells or from AT2 cells. Notably, these
cells were not identified in murine models of fibrosis, highlighting the need for in-depth
characterization of human disease. Lungs from PF patients were also enriched in
myofibroblasts, as well as a novel HasI* fibroblast population, which expressed high levels
of stress-response genes and type 2 cytokines. These data demonstrate that epithelial
remodeling in PF is accompanied by niche remodeling and suggest that targeting of niche
components may enable restoration of healthy tissue architecture.

Chronic inflammation induced by asthma also significantly remodels the lung. sScCRNA-seq
of lung biopsies from patients with chronic asthma (Vieira Braga et al., 2019) revealed an
increase in CD4* T cells, as well as changes in the differentiation trajectory of the lung
epithelium, assessed by pseudotime analysis. In healthy lungs, basal cells differentiated into
a secretory lineage, consisting mostly of club cells, and a ciliated lineage, whereas in asthma
patients, the secretory lineage consisted of a mixture of club and goblet cells, and the ciliated
lineage was dominated by mucous ciliated cells, which were not found in healthy donors.
Furthermore, examination of receptor-ligand expression patterns demonstrated that the
interactome of the asthmatic lung was drastically altered. In healthy lungs, the interaction
landscape is dominated by epithelial and mesenchymal cells interacting with each other or
with CD4* T cells. In contrast, in asthmatic lungs the communication landscape was
dominated by CD4* Th2 cells, which interacted with all other cell types in the lung. This
was accompanied by reduced interactions between epithelial and mesenchymal cells.

Understanding the molecular landscape of tissues in health and disease is key to developing
novel therapies. Indeed, SCRNA-seq of lung epithelium has revealed that the CFTR gene,
implicated in cystic fibrosis (CF), is expressed by a novel cell type, pulmonary ionocytes
(Montoro et al., 2018; Plasschaert et al., 2018). This finding has significant implications for
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our understanding of CF pathogenesis and is sure to influence the clinical outcome of CF
patients.

Although advances in single-cell sequencing technologies have enabled significant progress
in understanding the architecture of barrier tissue, much remains to be discovered. The
plasticity of the mesenchymal niche in response to different types of injury requires
crosstalk between all niche components, and this remains to be elucidated. Furthermore, it is
unclear how changes in the epithelial compartment are sensed in the niche. Implementation
of newly developed spatial sequencing methods may shed light on the interplay of all niche
components, by revealing their location relative to epithelial cells. Furthermore, different
functions of specialized tissue areas are supported by corresponding niche populations,
which may also be revealed by spatial sequencing. Exposure to pathogenic cues, whether
bacterial, viral, or environmental, that can also change according to their location within the
tissue probably influences niche function. Finally, analysis of other cell types, such as
neurons and vascular cells, which play a significant role in the bone and neurogenic niches,
might reveal novel contributors to the barrier tissue niche.

Central Nervous System

Neurogenesis, the process by which neural stem cells (NSCs) differentiate into mature
neurons and glia, predominantly takes place during embryonic development and drives the
formation of the central nervous system (CNS). Although animal studies have found strong
evidence for adult neurogenesis, its prevalence in the human brain is actively debated
(Paredes et al., 2018; Petrik and Encinas, 2019; Sorrells et al., 2018). In this section, we
discuss studies utilizing single-cell transcriptomics to examine various aspects of adult
neurogenesis, including NSC differentiation, niche architecture, and age-associated
inflammation.

NSCs are defined by their ability to differentiate into neurons, astrocytes, and
oligodendrocytes. In rodents, adult neurogenesis maintains normal brain function throughout
life and is restricted to two major sites, the ventricular-subventricular zone (V-SVZ) and the
subgranular zone (SGZ). In the V-SVZ, NSCs, type B1 cells, reside along the walls of the
lateral ventricle and generate neural progenitors that migrate to the olfactory bulb. B1 cells
give rise to periglomerular and granule neuronal cells, which are required for the
maintenance of fine odor discrimination (Figure 5A). In the SGZ, radial astrocytes in the
ease (AD) (Moreno-Jiménez et al., 2019; dentate gyrus of the hippocampus give rise to
granule neurons, which are required for memory and learning (Bjornsson et al., 2015;
Kriegstein and Alvarez-Buylla, 2009; Zhao et al., 2008). In humans, abundant immature
neurons were identified in healthy hippocampus, suggesting neuronal regeneration in the
postnatal human brain. Interestingly, these immature neurons were drastically reduced in
patients with Alzheimer’s disease (AD) (Moreno-jiménez et al., 2019; Tobin et al., 2019).
Yet, unequivocal identification of NSCs and their niche in the adult human brain is still
under active research.

The lack of definitive NSC-specific markers is a major challenge in the field. For example,
GFAP and Nestin, commonly used to identify NSCs, are also expressed on astrocytes and
oligodendrocyte progenitor cells (Lim and Alvarez-Buylla, 2016; Silver and Steindler, 2009;
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Urbéan and Guillemot, 2014). In order to comprehensively characterize the V-SVZ
compartment, Zywitza et al. performed scRNA-seq on all V-SVZ-residing cells. This
analysis underscored close transcriptional resemblance between NSCs and parenchymal
astrocytes and revealed that NSCs can be distinguished from astrocytes by low expression of
astrocyte-specific Agp4, as well as high levels of the long, non-coding RNA Meg3 (Zywitza
et al., 2018). In the murine hippocampus, Artegiani et al. demonstrated that NSCs do not
cluster separately from astrocytes, but can be discerned by astrocyte-specific expression of
S100band Fzd2 (Artegiani et al., 2017). These studies highlight the caveats associated with
NSC-specific marker identification, driven by close transcriptional similarities with
astrocytes, as well as uneven expression of commonly used markers throughout the NSC
compartment. Although the challenge remains, the transcriptional signatures provided by
these studies could inform sophisticated reporter models that are required for labeling NSCs
in vivo.

scRNA-seq has been fundamental in dissecting the transcriptional dynamics of NSC
activation and differentiation into different neurogenic lineages. These studies show that
NSC activation and transition into transient-amplifying progenitor cells was accompanied by
rapid upregulation of cycling genes and changes in metabolism and protein homeostasis
(Artegiani et al., 2017; Leeman et al., 2018; Zywitza et al., 2018). Furthermore, single-cell
analysis has unraveled the transcriptional basis of neural progenitor differentiation into
oligodendrocyte progenitor cells that transition to myelin-forming mature oligodendrocytes
(Artegiani et al., 2017) (Figure 5). Understanding NSC differentiation trajectories carries
significant clinical implications, as exemplified by the major contribution of aberrant
progenitors to formation of gliomas (Lee et al., 2018).

Neurons.—Neurogenesis depends on exogenous signals such as cytokines, growth factors,
and neurotransmitters (Berg et al., 2013; Lim and Alvarez-Buylla, 2016). NSC quiescence is
a highly regulated state that preserves the NSC pool and is critical for maintaining
continuous neurogenesis in the adult brain. How NSC quiescence is maintained is an active
area of research that carries significant clinical implications.

In the V-SVZ, NSCs are localized along the lateral ventricle walls, distal to olfactory bulb
inhibitory neurons. NSC proliferation is dependent on the signals of neurotransmitters such
as serotonin (5HT). Another neurotransmitter, dopamine, might have dual inhibitory and
activating effects on NSCs (Kippin et al., 2005; Lennington et al., 2011). SGZ NSCs, on the
other hand, reside in close proximity to excitatory granule neurons and parvalbumin-
expressing (PV+) interneurons (Berg et al., 2013). SGZ NSCs are maintained in quiescence
by neurotransmitter -y-aminobutyric acid (GABA) released from PV+ interneurons during
high circuitry activity (Song et al., 2012). Hippocampal NSC quiescence is also regulated by
Whnt signaling, specifically the expression of Wnt inhibitor Sfrp3 by excitatory granule
neurons. Jang et al. showed that electroconvulsive stimulation to increase neuronal activity
decreased Sfrp3expression, and this change subsequently upregulated Wnt signaling in
NSCs, increasing NSC activation and the formation of immature neurons (Jang et al., 2013).

Shin et al. compared gNSC-enriched genes downregulated during activation with newly
upregulated genes after qNSC activation and early neurogenesis. After activation, NSCs
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downregulated signaling pathways associated with quiescence. Ligands activating these
pathways are present in the adult SGZ niche, suggesting that to maintain quiescence, gNSCs
actively receive and integrate these signals. Remarkably, NSC activation led to suppression
of genes involved in signal transduction of these niche cues, suggesting that aNSCs lose
sensitivity to niche signals associated with quiescence. This conceptual leap required a
systematic analysis, simultaneously integrating hundreds of parameters (Shin et al., 2015).
In a follow-up study, this group investigated the role of Mfge8, a transcript previously found
to be enriched in gNSCs compared to the activated state. The authors found that SGZ NSC
attrition might also be prevented by high expression of Mfge8, which maintains NSC
quiescence through suppression of the mTOR1 pathway (Zhou et al., 2018).

Endothelial niches.—The cardinal feature of the brain vasculature is the blood-brain
barrier (BBB). This selective barrier regulates nutrient supply from the blood to the brain,
protects the brain from toxins, and prevents immune-cell infiltration. The BBB consists of
tightly packed capillaries connected by tight junctions that impede the movement of lipid-
insoluble macromolecules out of the blood stream into the brain parenchyma (Baeten and
Akassoglou, 2011). Importantly, NSCs have direct contact with ECs that secrete factors to
control NSC function (Gémez-Gaviro et al., 2012; Kokovay et al., 2010). Understanding
how NSCs integrate vascular signals is an area of ongoing research (Ottone, 2015).

Molecular mechanisms underlying the unique properties of BBB components are of great
clinical interest. Vanlandewijck et al. utilized transgenic animal reporters to examine
transcriptional dynamics and specialization of brain vasculature at single-cell resolution. The
authors show that BBB ECs exhibit a continuum of six transcriptional states across venous,
capillary, and arterial zones, and arterial ECs are enriched for transcription factors, and
capillary and venous ECs are enriched for transporters (Figure 5) (Vanlandewijck et al.,
2018). An independent study investigating tissue-specific heterogeneity of ECs across 11
mouse tissues performed pseudotime analysis of brain ECs, obtaining analogous
transcriptional topography. Notably, intratissue EC heterogeneity varied significantly across
tissues. Consistent with BBB function, ECs and pericytes highly expressed genes involved in
molecular transport, and BBB ECs downregulated transcriptional signatures associated with
immune regulation compared to ECs from other peripheral tissues (Kalucka et al., 2020).
Highlighting the power of ScCRNA-seq, this study identified a novel fibroblast-like cell
located in the perivascular space and enriched in genes associated with maintenance of the
extracellular matrix, including collagens and collagen-modifying enzymes. The functional
relevance of these transcriptional signatures for NSCs and neurogenic niche cells remains
unclear and will need to be addressed in future functional studies.

Functional plasticity.—Aging is a major risk factor for neurodegenerative disorders. As
the brain ages, a number of deleterious processes arise, including abnormal protein deposits,
lysosomal dysfunction, DNA damage, and immune dysregulation (Elobeid et al., 2016;
Wyss-Coray, 2016). Neurogenic aging in both the SGZ and VV-SVZ, as assessed by flow
cytometry and single-cell transcriptomic analysis, is marked by a drop in NSC numbers and
increased quiescence (Artegiani et al., 2019; Kalamakis et al., 2019; Ximerakis et al., 2019).
Kalamakis et al. demonstrated that aged V-SVZ gNSCs were more resistant to injuryinduced
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activation compared to younger counterparts. Surprisingly, young and aged NSCs had
comparable functionality and transcriptional signatures, suggesting microenvironment
regulation of activation dynamics. Differential expression analysis in V-SVVZ niche cells and
NSCs revealed a common enrichment of transcripts related to inflammatory response.
Notably, the inflammatory signature was captured with bulk RNA-seq of the individual cell
populations, as the observed changes in gene expression were difficult to capture at the
single-cell level. This study established a causal link between niche-derived inflammatory
signals and increased NSC quiescence. Moreover, this increased quiescence is likely to
contribute to the challenge of detecting active neurogenesis in the aged adult human brain at
steady state (Kalamakis et al., 2019).

Immune cells play critical roles in regulating the neurogenic niche. Tissue-resident
macrophages, termed microglia, comprise 10% of brain cells and maintain the neurogenic
niche by performing synaptic remodeling, phagocytosis of dying cells, and maintaining
myelin homeostasis (Lannes et al., 2017; Sasaki, 2017; Schafer and Stevens, 2015). Genetic
lesions in microglia have been associated with neurodegenerative disease and
leukodystrophies (Jonsson et al., 2013; Lambert et al., 2013; Rademakers et al., 2011).
scRNA-seq studies found that microglia diversity peaks during early development and
decreases in adulthood until onset of aging or perturbation by injury (Hammond et al.,
2019). Aging caused a redistribution of microglia states, with marked expansion of subsets
enriched for interferon (IFN)-response genes and inflammatory microglia with high
expression of //16, Ccl4, and Cc/3 (Hammond et al., 2019). In pathological contexts,
microglia display a broad range of activation states. However, comparison of transcriptional
signatures of microglia from models of multiple sclerosis (MS) and AD to axontract-
associated microglia found during brain development revealed a shared transcriptional
signature of 12 genes, including SppZ, Lp/, and Apoe (Hammond et al., 2019; Keren-Shaul
etal., 2017). Interestingly, these genes correspond to pathways expressed by axon-tract-
associated microglia specific to a restricted developmental window, in line with the
hypothesis that developmental pathways are re-expressed in brain pathologies, a concept that
can be leveraged in the design of precision therapies.

Aging-mediated enrichment of IFN-response genes in microglia raises the question of the
cellular source(s) of IFN. Single-cell mass and fluorescence cytometry analysis has
demonstrated that aging has a profound effect on the immune landscape in the brain. One of
the most striking changes in the aged brain is a ten-fold increase in T cell frequency (Mrdjen
etal., 2018). Dulken et al. found infiltration of effector memory CD8™ T cells that expressed
high levels of /fng in the aged murine SVZ niche. V(D)J analysis revealed that brain-
infiltrating lymphocytes were clonally expanded, and their TCR repertoire differed from T
cells isolated from peripheral blood. Several cell types, including astrocytes, NSCs, ECs, and
microglia, in the aged SVZ niche were enriched for an IFNy response signature.
Importantly, T cell-mediated IFNy production inhibited NSC function, providing a potential
mechanism of mediating age-associated decline in NSCs (Dulken et al., 2019). Clonal
expansion of CD8" T cells indicates that infiltrating CD8" T cells recognize brain-specific
antigen(s). Identification of the specific antigens and blocking their recognition would have
major therapeutic implications for understanding and treating age-related pathologies.
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Although scRNA-seq is an essential tool for transcriptionally profiling individual cells,
cellular dissociation leads to loss of spatial context that is essential to understanding the
cellular architecture of different regions and connections between brain circuits and
neurogenic niche cells. Technological advancement in multiple spatial transcriptomic
techniques, such as sequential fluorescence /17 situ hybridization (seqFISH+) and
multiplexed error robust fluorescence in situ hybridization (MERFISH), has facilitated the
generation of high-sensitivity transcriptional maps while maintaining topological
information of brain regions (Eng et al., 2019; Moffitt et al., 2018; Rodriques et al., 2019).
Application of these approaches to SC niches can clarify the spatial resolution of niche
components, advancing our understanding of SC-niche crosstalk.

Concluding Remarks

scRNA-seq has significantly informed SC biology by resolving cellular and molecular units
of the SC microenvironment. Detection of rare populations is exemplified by the
identification of tuft-like medullary epithelial population in the thymus and CFTR*
pulmonary ionocytes in the lung. SC niche elements can be identified through unbiased and
focused transcriptional profiling. Clonally expanded IFN-producing CD8" T-lymphocytes in
old neurogenic niches were identified by sSCRNA-seq analysis of the entire SVZ. In the
intestine, on the other hand, MHC-11 expression by ISC-facilitated identification of CD4* T
helper cells as a critical component of the intestinal SC niche. Thus, the insights afforded by
single-cell transcriptomics extend beyond phenomenology and are largely dictated by the
study design.

Single-cell transcriptomic studies are quickly becoming mainstream, yet challenges remain.
Due to the low amount of starting material, ScRNA-seq is hindered by low capture efficiency
and sequencing coverage (Kolodziejczyk et al., 2015). Though sequencing at relatively
shallow depth is sufficient for common tasks such as cell-type identification, deep
sequencing effectively mitigates technical noise and allows for the dissection of cell-specific
transcriptional programs (Zhang et al., 2020). Unfortunately, the choice of sequencing scale
and depth is dictated not only by the biological question, but also by experimental cost.
Significant expenses associated with single-cell studies impede broad utilization of SCRNA-
seq.

Human application is perhaps the strongest facet of single-cell analysis. Although SCs and
their niches have been extensively studied in animal models, the real power of SC studies
lies in generating detailed blueprints of human tissues, which largely remained a mystery
before the advent of scRNA-seq. International initiatives such as the Human Cell Atlas and
the National Institutes of Health’s Human BioMolecular Atlas Program are ambitious efforts
to map all the cells in the human body and build a comprehensive database, enabling data
sharing worldwide. These consortiums have already generated detailed maps of several
organs, yielding important insights into the biology of thymus, heart, lungs, small intestine,
and liver. Although all of these studies could not be included here due to space constraints,
this critical effort will guide future research. Importantly, these consortiums have also set
tissue and sample preparation standards, which could help limit variability in results from
different groups. Open-access data will enable investigators to bridge the gap between basic
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research and human health. Indeed, an unrestricted data-sharing approach should be applied
to every study with single-cell data. To magnify the impact of published research, in addition
to depositing raw sequencing data, the manuscript should be accompanied by web-based,
interactive, user-friendly resources, enabling independent data exploration. This will
facilitate dialog among groups from different fields and speed up scientific advances.

scRNA-seq analysis enabled the deciphering of SC niche architecture; however, in-depth
understanding of SC-niche crosstalk requires knowledge of the genome, the chromatin
landscape, protein levels, and spatial context of the cell. Emerging experimental platforms
profile each of these modalities at the single-cell level and will inevitably gain broad
utilization across disciplines. None of the platforms available to date has the capacity to
profile each of these parameters simultaneously. Therefore, integration of single-cell data
across independent datasets and platforms requires an effective computational strategy, such
as LIGER (Welch et al., 2019) and Seurat 3.0 (Stuart et al., 2019). The best-designed studies
will integrate multimodal approaches and perform functional validation. As single-cell
technology continues to advance, it will markedly transform the day-to-day of laboratory
research and shift scientific culture toward open-access. Independently of utilized
approaches, the most meaningful discoveries will still be based on the ability to define a
biologically relevant question and the careful interpretation of results.
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TISSUES

Tissue

dissociation

Figure 1. Single Cell Methodologies
For single-cell analysis, tissues are dissociated into single cells via mechanical digestion,

enzymatic digestion, or a combination of both. Various pipelines allow for multidimentional
analysis of single cell transcriptomes.
(A) Transcripts originating from single cells are used to generate single-cell gene-expression

libraries.
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(B) Reconstruction of developmental trajectory infers the relationship between progenitors

and differentiated cells.

(C) Transcripts from single cells within a tissue can be used to infer receptor-ligand
interactions, leading to discoveries of novel interactions between different cell types.
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Figure 2. Bone Marrow Niches
(A) Prior to scRNA-seq studies, BM vascular and perivascular Lepr* cells were identified as

the key populations constituting the HSC niche. The degree of the heterogeneity within
those cellular subsets was unknown.

(B) scRNA-seq of BM vascular endothelial and perivascular Lepr* cells resolved cellular
composition of these populations and defined expression patterns of pro-hematopoietic
growth factors, chemokines, and membrane-bound ligands.
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(C) Changes in gene expressionin BM vascular endothelial and perivascula Lepr* cells
following acute chemotherapy treatment.
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Figure 3. Thymic Niches
(A) The major role of the cTEC and mTEC populations inT-cell development has been long

established. However, the degree of cellular diversity within those populations was not well
defined.

(B) scRNA-seq revealed significant molecular and epigenetic heterogeneity within the
mTEC compartment, highlighting an mTEC lineage with molecular characteristics of gut
chemosensory epithelial tuft cells (tuft-like mTECS).

Cell Stem Cell. Author manuscript; available in PMC 2021 June 04.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Tikhonova et al.

A
BMP
(O]
=
[e]
N
[ =
s
ks
=
o
£
©
(0]
£
2
c
]
o
£
s
2]
WNT
D
BMP
(0]
[ =
[]
N
c
S
ks,
=
o
£
©
(0]
£
5
{ =
3
o
£
8
(2]
WNT

Pre scRNAseq Steady State
[ ]
| @ LUMEN )

- = |
o ]

| @ =9 |

- DII1,Dll4,Jag?-__ e
®  Wniza @

@ ng}

Noggin /' Foxi1+
Gli1+

Lgr5* Tuft Goblet
ISC cell ceII

4\ Panneth Mesenchymal
) cell cell

Pre scRNAseq Steady State

ﬁ,

‘ LUMEN

Figure 4. Intestinal Niches
(A) Before the advent of scRNA-Seq, knowledge of the intestinal niche was limited. In the

intestine, Lgr5*1SCs lie adjacent to Paneth cells that secrete Wnt and EGF ligands that are
crucial for ISC maintenance. In addition, Wnt ligands are secreted by the mesenchymal
compartment, but the cellular composition of this compartment was unknown.

(B) Single-cell analysis of the intestinal epithelium has shed light on many components of
the niche. In the small intestine, a subset of Lgr5* I1SCs express MHC-11 and interact with
Tregs that control the ISC pool.
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(C) During helminth infection, epithelial cell populations change, giving rise to an increase
in goblet and tuft cells. MHCII-expressing ISC subsets increase innumber and mediate these
changes via interaction with T2 cells.

(D) Prior to scRNA-seq studies, the mesenchymal niche in the colon was thought to be the
major source of Wnt ligands, but its composition was largely unknown.(E) In the
mesenchymal compartment, eight subpopulations of mesenchymal cells (denoted by
different colors) were identified by sScCRNA-Seq, which also highlighted the overlap between
FoxI1* and Gli1* cells that secrete Wnt ligands.

(F) Inflammatory bowel disease (IBD) remodels the intestinal epithelium. sScCRNA-Seq
identified expansion of inflammatory mesenchymal cells in IBD patients and loss of Wnt-
secreting mesenchymal cells, as well as expansion of microfold cells.
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Figure 5. Neurogenic Niches
(A) Before scRNA-seq, it was known that NSCs (type B1 cells) in the V-SVZ contact multi-

ciliated ependymal cells in the ventricular zone and vascular cells of the blood-brain barrier
(BBB). Upon receiving activation signals, gNSCs exit quiescence to generate transient
amplifying progenitors (TAPs, type C), which then transition to NBs (type A) to make
neural progenitors (NPs), including oligodendrocyte progenitor cells (OPCs). NPs migrate to
the olfactory bulb and differentiate into neural lineages, including neurons and myelin-
forming oligodendrocytes (MFOLS). Microglia are resident neural macrophages that play a
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neuroprotective role. ECs, connected by tight junctions, line the interior of BBB blood
vessels and pericytes, and smooth muscle cells (SMCs) cover the exterior.

(B) scRNA-seq has defined the transcriptional programs of the V-SVVZ neurogenic niche
cells. NSCs can be separated from astrocytes by differential expression of Agp4. gNSCs are
defined by high expression of glycolysis and lipid metabolism genes, and aNSCs are defined
by upregulation of oxidative phosphorylation genes before transitioning to rapidly cycling
TAPs. Gene signatures of neurogenic niche cells are shown underneath individual cells.

(C) The aged brain is characterized by decreased number of NSCs and increased NSC
quiescence. Neurogenic niches have increased infiltration and clonal expansion of CD8*
effector memory T cells expressing high levels of Ifng. Neurogenic niche cells are enriched
for interferon-response signatures (IFNr). Microglia upregulate the inflammatory program.
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