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Transcriptional regulation of cells in the immune system must be strictly controlled at

multiple levels to ensure that a proper immune response is elicited only when required.

Analysis in bulk, or ensemble of cells, provides a wealth of important information leading

to a better understanding of the various molecular steps and mechanisms involved in

regulating gene expression in immune cells. However, given the substantial heterogeneity

of these cells, it is imperative now to decipher these mechanisms at a single cell

level. Here I bring together several recent examples to review our understanding of

transcriptional regulation of the immune system via single cell analysis and to further

illustrate the immense power of such analyses to interrogate immune cell heterogeneity.
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INTRODUCTION

Given that transcriptional regulation plays a critical role in mounting a proper immune response,
control of gene expression in various cells of the immune (both adaptive and innate) system at
transcriptional level has been studied for decades, which has provided important and fundamental
information regarding various control mechanisms as well as identified crucial factors that
are necessary for transcriptionally regulating the expression of genes required for mounting
appropriate immune responses (1–4). Combining these ex vivo studies with in vivo studies,
primarily through murine models, enabled us to decipher in exquisite details, both molecular
mechanisms and physiological steps involved in transducing immune signals to elicit correct
immune responses at the right time (1–4). Collectively, these studies have provided insights
into the logic that dictates how the adaptive and innate arms of the immune system differ
with respect to regulating specific genes at the level of structural and functional folding of the
chromatin domains, epigenetic regulations, long-range interactions that bring promoter regions
and regulatory enhancers in proximity, specific transcription factors that are necessary for lineage
commitment and differentiation, and non-coding RNAs that play pivotal roles in immunity (5, 6).
However, while the reductionist approaches of studying regulation of individual genes and gene
clusters in a given cell were necessary, they were insufficient because such mechanisms in isolated
and/or cultured cells could not lead to a systems level view of gene regulation. The advent of next
generation sequencing allowed probing global regulatory processes and genome-wide changes in
gene expression during immune responses simultaneously in multiple cell types.

In animal tissue, neighboring cells that are apparently identical turn out to exhibit important
differences when significant depth of analysis was achieved via single cell techniques. Originally,
single cell techniques were applied in situations where biological sample was limiting. But now,
given the high throughput technologies that are at our disposal, profiling hundreds of thousands
of heterogeneous cells within a population is possible with relative ease (5, 6). With all these
remarkable technological advances in studying cellular heterogeneity and discovering rare cell
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populations via single cell analysis in animal tissues/organs,
the question might still be asked whether we really need to
understand human biology at single cell resolution. After all,
the human body has been defined over centuries by anatomical
landmarks, tissue and organ distributions. The answer might lie
in the fact that the bewildering cellular heterogeneity in humans
often dictates the diseased states and their origins and subsequent
treatment. For instance, two apparently “identical” cells in the
same organ might behave differently to therapeutic intervention
depending on their molecular and functional states. Hence, a
“shotgun” approach to treat all neighboring cells in a given tissue
might not be necessary or achieve the precision that we strive
to attain in modern medicine. Given these considerations, it is
no wonder that the precise anatomical landmarks are insufficient
and that molecular and positional information of tissue and
organ-resident cells must be understood in greater depth to
define the human body and its associated maladies (7).

Despite significant technological advances, our understanding
of the gene regulation in the immune system still remains
incomplete because there is substantial heterogeneity in the cells
constituting the system. Immune cells are diverse with respect
to developmental stages, function and cell types (e.g., adaptive
vs. innate immune cells) as well as location (e.g., primary vs.
secondary lymphoid organs) in addition to circulating immune
cells through peripheral blood and lymphatic systems (5, 6).
Moreover, the function of primary immune cells, apparently of
the same lineage, also frequently depends on their interactions
with the secondary non-immune cell types and tissues. An
added layer of complexity for specific identification of immune
cells is introduced by their clonality: they express signature
surface immune receptors with distinct genetic diversity that
might functionally respond differently to a distinct set of ligands
(6). Due to these complexities and the fact that apparently
identical immune cells can function at different locations in
the body depending on the nature of the requisite immune
response, it is imperative that they be profiled at high resolution
to determine if indeed they arise from the same origin
and consequently might respond similarly during an immune
response (6). Here I outline a few recent studies to illustrate
the lessons learned from single cell approaches in immune
cells and how they often fill gaps of our understanding of
the immune system gathered from ensemble and organismal
level analysis. Because single cell analysis is still largely limited
to transcriptomic analyses (e.g., Single cell RNA-seq, scRNA-
seq), these studies illustrate the immense power but also
limitations of such analyses. scRNA-seq has been used to identify
and classify cell types. Furthermore, it has also been used
to characterize rare cell types and analyze variation of gene
expression across distinct cell populations based on their steady
state RNA levels. However, the dynamics of precise cellular
states that are often transient in nature are more difficult to
assess simply based on transcriptomic studies (8). But recent
developments in imaging (e.g., singlemolecule Fluorescent in situ
Hybridization, FISH), proteomics (with CyTOF and MIBI-TOF)
and genomics (e.g., LIANTI) provide substantial hope that
these additional methods reporting functional states of a cell
would complement RNA-seq to identify novel cell types, and

further analyze and assign function to these cells and tissues to
perhaps reveal unchartered but promising therapeutic avenues
(reviewed in 7).

SOLVING LONGSTANDING

IMMUNOLOGICAL PROBLEMS via SINGLE

CELL ANALYSIS

Memory B cells of the adaptive immune system are generated
following pathogenic infection or vaccination so that they can
respond against future infections (9). However, select pathogens
find ways to either totally evade or, at a minimum, suppress
the adaptive immune response. These conditions often lead to
induction of memory B cells that are ineffective in differentiating
into antibody secreting plasma cells (9). Given that memory B
cells play a critical role in vaccination, understanding the basis
for such heterogeneity and identifying pathogen-specificmemory
B cell repertoire could important clues to improve vaccine
development. Single cell transcriptomic (scRNA-seq) analysis
and specific gene expression programs associated with such
diverse population of memory B cells are providing important
information for improving future vaccine development and
antibody designing for therapeutic usage (10). Another long-
standing problem in human immunity is the precise role of
Immunoglobulin E (IgE) antibodies. Although secreted IgE
protects against infection, it might also cause major health
problems, particularly during allergic reactions (11). Despite
the fundamental importance of IgE in health and disease,
molecular and structural insights into IgE antibodies remain
incomplete. Using single cell RNA-seq, Croote et al. determined
the gene expression profiles and alternative splicing patterns
of IgE secreting B cells from patients with food allergies
(11). Remarkably, these specific transcriptomic signatures and
splicing profiles specifically associated with IgE producing B cells
exhibited identical patterns in individuals who are unrelated (11).
These results suggest that these antibodies or derivatives could be
employed as therapeutic agents (11). Furthermore, these results
might also lead to further understanding of biochemical roles
of IgE antibodies in allergic reactions (11). A recent fascinating
study identified heterogeneity in uncommitted hematopoietic
progenitors with mixed lymphoid and myeloid potentials by
single cell RNA-seq (12). Although such heterogeneity has
been known for some time, this study concludes that the
decision of lymphoid and myeloid lineage choice surprisingly
occurs before the hematopoietic progenitor stages with combined
lymphoid-myeloid potential called the early progenitor with
lymphoid myeloid potential (EPLM) (12). Furthermore, the
apparent multipotency of uncommitted progenitors is due to
the presence of four subpopulations within these cells, each
with their own developmental potentials that are not necessarily
restricted to bipotency for lymphoid and myeloid lineages only
(12). These results further underscore the power of single
cell transcriptomics in resolving both cellular heterogeneity of
immune cells as well as establishing molecular relationships
amongst distinct hematopoietic precursors via identifying
specific transcriptional signatures associated with them (12).
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FUNCTION OF IMMUNE CELLS IN

DISTINCT ORGANS

As noted in the introduction, immune cells are found at multiple
organs/tissues within the human body, raising the question
of whether they behave in the same fashion at these discrete
locations. Single cell analysis is making it possible to interrogate
the identity and infer the function of immune cells found in
disparate locations. For instance, although it has been known
that immune cells are found in liver, the immunobiology of
liver remains poorly understood. A new study mapped the
cellular landscape of human liver using tissue dissociation
techniques combined with functional assays and scRNA-seq (13).
They identified 20 discrete types of hepatocytes and other cell
populations including B, T, monocyte/macrophage and NK cell
types (13). Combining scRNA-seq with image-based approaches
provided a detailed spatial map of immune microenvironment
of the human liver (13). However, there are several notes of
caution raised by the authors. First, these studies show that
transcriptional profiling of hepatic cell populations significantly
depends on how the liver tissues are prepared as well as the
viability of bulk liver homogenate (13). Second, cells dissociated
from tissues might behave differently than bulk tissues—in
particular, hepatocyte populations are susceptible to dissociation
because of the significant heterogeneity of the liver cells (13).
Thus, one should take into consideration that not all cell
types will be captured with equal efficiency during scRNA-seq
analysis (13). Although these single cell mapping efforts identify
distinct populations of cells, they do not necessarily identify the
“actual frequency of their existence” within the liver tissue of
experimental origin (13). Finally, a fact that the community has
grappled with in analyzing dissociated cells from tissues is how to
define a “normal” tissue. For example, despite the fact that these
human liver samples were obtained from “clinically acceptable,
healthy liver grafts,” they exhibited mildly inflamed conditions
(13). Regardless of these cautionary notes, it is clear that scRNA-
seq, combined with other imaging and functional (multi-modal)
studies, has immense potential to create detailed cellular maps of
human tissues.

Another recent study maps tissue resident macrophages in
murine lung and identifies two subpopulations of interstitial
macrophages via single cell transcriptomics (14). This study
showed that two populations of macrophages in the murine
lung were phenotypically distinct and exhibited differences in
their intratissue localization (14). While one population of these
cells lies close to tissue nerve bundles, the other population is
more closely associated with blood vessels and thus, presumed
to play a critical role in maintaining blood vessel integrity
and antifibrotic activity (14). Although known for some time,
these observations show that the immune cells of the same
lineage but residing in different locations can function differently
depending on the local tissue microenvironment (14). Thus,
combining single cell transcriptomics with functional studies and
spatial information could lead to identifying novel immune cell
populations with characteristic molecular profiles and distinct
tissue localizations, presumably performing distinct functions at
these locations.

IDENTIFICATION OF NOVEL CELL TYPES

AND STATES

It is well-known that the vertebrate immune system consists of
the innate and adaptive arms, responding to immediate challenge
and responding to threats via acquired antigen receptors,
respectively. While the innate immune arm in mammals
are formed from cells of the myeloid lineage (granulocytes,
mast cells, monocytes/macrophages, and dendritic cells), the
cells constituting the adaptive immune system are primarily
composed of B and T lymphocytes (15). However, the recent
discovery of innate lymphoid cells (ILCs) that constitute a
rare sub-population of lymphocytes, has challenged this binary
notion. Unlike T and B cells, ILCs do not express specific cell
surface antigen receptors or undergo clonal expansion when
stimulated ex vivo (16, 17). Instead, ILCs express cytokine
receptors likely to sense environmental threats and rapidly
produce a distinct set of cytokines in response to these
signals (16–18). Discovery of ILCs has accelerated the need
for unbiased methodologies to profile immune cell types solely
on the basis of cellular and/or molecular signatures rather
than on cell surface markers, because so far immune cells
have been traditionally profiled based on surface receptor
expression (18). In trying to characterize the immune repertoire
in zebrafish, a recent study generated a comprehensive atlas
of cellular signatures of lymphocytes defined by their unique
transcriptomic profiles in steady state and after challenging the
immune system to induce short term inflammation (18). This
scRNA-seq analysis led to the surprising finding that zebrafish
possesses cytokine producing ILC-like cells much like mammals,
potentially involved in responding to environmental threats
(18). Thus, scRNA-seq allows to identify heterogeneous cell
population and different cellular states in an unbiased fashion
based on specific transcriptomic signatures, rather than their
surface receptor expression profile (18).

SINGLE CELL ANALYSIS AND

HETEROGENEITY

Heterogeneity in gene expression is important to elucidate
because it might indicate the existence of new and yet
unidentified subpopulations in such milieu. But, heterogeneity
in gene expression profile could also provide novel insights
into the function of a given gene or sets of genes (8, 19).
For instance, even in an apparent homogeneous population,
variation in gene expression will likely arise from stochastic
gene expression in addition to various dynamic cellular states
like the cell cycle or circadian rhythm (19–21). The steady
state level of RNA expression could indicate a static cellular
state, but it does not directly reveal status of dynamic processes
such as cellular differentiation, cell cycle or circadian rhythm
(8, 19–21). In dealing with heterogeneity, one should also be
careful about dealing with variability in biological samples, which
could be confounding and problematic for further downstream
analysis (7, 22, 23). There are two broad types of variability or
noise in these experiments: technical variability and biological
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variability. Technical variability/noise is usually due to changes
in sample preparation or processing that might vary depending
on the protocols used and experimental conditions (7, 22). In
contrast, biological variability might arise due to differences
in environmental perturbation or inherent genetic variances of
derived biological samples (7, 22).

Additionally, the heterogeneity exhibited in scRNA-seq data
could also be due to variability in the expression of a given gene
in various cells. This in turn could depend on relative expression
state of a given gene compared to other genes in the same
signaling pathway (8, 19–21). Variability in level of expression of
a given gene across different cells might also reflect how tightly
the transcription of this gene is regulated (19). It is now generally
believed that nuclear transcription occurs due to the result of
RNA polymerase II activity in short bursts giving rise to a set
of transcripts, which are processed and transported from the
nucleus to the cell cytoplasm for functional usage (24). It then
stands to reason that genes resulting from higher transcriptional
bursts but lower frequency of expression produce more noise
than genes that are expressed due to less frequent transcriptional
bursts (19, 24–26). Additionally, it is also shown by Padovan-
Merhar et al. that increasing cellular volume or content can result
in enhanced transcription because both transcriptional burst size
and frequency changes with cellular content/volume andwith cell
cycle (25). In this regard, it is worth considering an early study
of scRNA-seq analysis of bone marrow-derived dendritic cells
treated with LPS, which demonstrated extensive bimodal pattern
of gene expression and splicing with two distinct patterns of
cellular states (27). While the variation is likely due to a number
of factors, including developmental stages of the cells, cytokine
signaling of a subset of fast-responding bone marrow derived
dendritic cells could affect the whole population in part due to
changes in transcriptional bursting and alternate splicing (19, 27).
In amore recent study,Wu et al. addressed how immunoglobulin
(Ig) class switching is triggered in activated B cells (28). Although
class switch recombination (CSR) is an important process to
generate antibody diversity, the mechanism for transcriptional
requirement from upstream promoter region of the Ig constant
region (I) for targeting of activation-induced deaminase (AID)
enzyme for class switching to IgE and IgG1 remained unclear
until recently (28). This study, via single cell analysis in a murine
model system, identified an early population of B cells that
express Iε but not Iγ1 transcripts in response to IL4 signaling
(28). This is likely a result in promoter switching to IgE and
occurs at lower levels than Iγ1 (28). Hence, heterogeneity in
transcriptional activation of Ig promoters is a likely mechanism
responsible for targeting of AID to switch to IgE, which could
typify transcriptional activation for many gene networks even in
identical and apparently homogenously activated B cells (28).

HETEROGENEITY AND ALTERNATIVE

SPLICING

To understand true transcriptional diversity in cells requires
not only to determine total transcript levels but isoform levels
as well (5). A computational approach called RNA velocity

measures the time derivative of RNA abundance and is capable
of distinguishing spliced vs. un-spliced mRNAs in scRNA
sequencing analysis. The beauty of RNA velocity is that it can
predict the future state of an individual cell on a timescale
of hours (29). This appears to be an exciting computational
development that could significantly help in analyzing and
identifying lineage development and cellular dynamics, which is
of particular value when dealing with limited biological samples
like human tissues (7, 29). But there are also experimental
approaches to identifying splicing variants at single cell level.
Using a novel nanopore long-read RNS-seq at single cell level,
Byrne et al. experimentally identified thousands of unannotated
transcription units, consisting of start and end sites, and
hundreds of alternative spliced transcripts in murine B1a cells,
suggesting existence of extensive splicing isoforms in these
cells (30). Peritoneal cavity derived B-1a cells are distinct from
the conventional B2 cells due to their differences in origin of
development, their cell surface marker expression and their
functions in immune response (31). For example, patients
with autoimmune disorders like Systemic Lupus Erythematosus
(SLE), Sjogren’s syndrome and rheumatoid arthritis exhibit
higher levels of B-1 cells when compared to normal subjects
(30). Interestingly, hundreds of genes that are specifically
expressed in B1a cells exhibit multiple spicing variants, including
B cell specific surface receptors, raising the possibility that
distinct populations of B1 cells express alternatively spliced
protein isoforms, including cell surface receptors, and thus they
might respond to different stimuli both quantitatively and/or
qualitatively (30). Recognition of such heterogeneity across
B1a cell population based on alternative splicing signatures
could have important ramifications in better understanding and
possible therapeutic potential in treating autoimmune disorders.

HETEROGENEITY DURING LIGAND

DEPENDENT DIFFERENTIATION

Immune cells are characterized by surface expression of
specific receptors, those that generally respond to signaling
via engagement of cognate ligands for differentiation along
particular lineages. However, due to high degree of heterogeneity
in immune cell lineages, it remains to be determined whether
there are sub-populations within a specific lineage that respond
differentially (both in a qualitative and quantitative sense) to
ligands. To illustrate differential response of immune cells to
specific ligands, Chea et al. used single cell analysis, which
revealed that there is significant heterogeneity in response of
fetal liver-derived ILC progenitors to Notch signaling (32).
It is well-known that Notch signaling is required for T cell
development, although it is not required for development of
fetal liver-derived ILCs (32). Using scRNA-seq, this current work
identified two distinct subpopulation of fetal liver-derived ILCs—
one that is sensitive to Notch signaling for their proliferation
while the other is independent of Notch (32). Hence, the
heterogeneity exhibited during ILC development is defined
by distinct transcriptional signatures and their differential
requirement for Notch signaling (32). Another example of
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ligand dependent lineage commitment in lymphoid cells was
provided by an elegant study by Berthault et al. (33). Given
there aremultiple distinct stages of differentiation associated with
commitment of hematopoietic precursors to lymphoid lineage,
the identification of molecular steps involved in this process
has been difficult to precisely elucidate (33). Beginning with
fetal liver derived precursor cells, this study employed scRNA-
seq to elucidate how these cells commit to particular lineage
choices by identifying transcriptomic signatures characteristic of
B and T cell subsets (33). In particular, identifying the “loss of
B cell potential,” which indicate a “T cell bias signature” or a
“loss of T cell potential,” indicating a “B cell bias signature” was
helpful in characterizing sequential events in this process (33).
Surprisingly, majority of precursor cells express both signatures
albeit at low levels and such co-expressed signatures persisted
through multiple stages of differentiation (33). However,
interleukin 7 (IL-7) signaling resolved these lineage choice
pathways by quantitatively regulating the lymphoid progenitors
via stabilizing the B cell specific transcripts, suggesting a
crucial role for cytokine signaling in lymphoid cell fate
decisions (33).

SINGLE CELL ANALYSIS IN AIDING

DISEASE HETEROGENEITY

We now know that many patients do not respond to treatments
because recent data shows that roughly 90% of drugs are
only effective for < 50% of patients (34). The ineffectiveness
could be due to the fact that there is substantial cellular
heterogeneity (both across intra- and inter-sample variations)
in patient population, which can significantly impact therapy
response across multiple cell types and thousands of specific
genes (34). Moreover, in contrast to ensemble analysis, single
cell analysis could lead to identification of individual clones
and associated biomarkers, thereby leading to more precise
targeting of each clone (34, 35). For instance, scRNA-seq
profiling led to the identification of particular B-cell receptor
signaling pathways and gene expression patterns in non-Hodgkin
lymphomas (36). Such distinct molecular profiles could possibly
explain the differences in therapy response to BCR-pathway
inhibitors (36). Likewise, profiling of circulating tumor cells
in multiple myeloma via single cell analysis led to further
classification of this disease and identification of relevant genes
and quantitative assessment of their expression patterns that
could be important for future treatment and prognosis (37).
It is known that most adult B cell lymphomas exhibit a
germinal center B cell phenotype (38). But it remains unclear
whether these lymphoma derived B cells retain the functional
characteristics of true germinal center B cells or they are halted
at certain stages of the germinal center maturation reaction,
a notion proposed based on ensemble analysis, which shows
a co-expression pattern of follicular- and germinal center B
cell-specific genes (38, 39). However, by combining scRNA-
seq, phenotypic and genetic analyses of follicular and germinal
center-derived B cells with modeling, these studies revealed that
although bulk patient samples exhibited mixed profiles of gene

expression, germinal center-derived and follicular lymphoma-
derived B cells showed distinct transcriptional signatures at
higher resolution (39). Hence, they conclude that the B cell
lymphoma arises not due to a blockade in a specific stage of
germinal center B cell maturation process, but rather these cells
have undergone germinal center maturation and acquired novel
and dynamic gene expression profiles to increase lymphoma
heterogeneity (39).

MECHANISTIC INSIGHTS FROM SINGLE

CELL ANALYSIS

While single cell assays have been primarily used for
identification of heterogeneous or rare cell types, it has not
been widely used to determine transcriptional mechanisms.
However, to move beyond these important but often descriptive
features, single cell analysis must be able to provide significant
insights into mechanistic pathways. Indeed, there are some
examples of elegantly using single cell analysis to address
transcriptional mechanisms. Mostly by combining various
in vitro assays with transcriptomics and functional assays, these
studies demonstrate that the field of single cell analysis could
move beyond descriptive analysis to providing mechanistic
insights. Rothenberg and colleagues used a combination of
scRNA-seq, in vitro differentiation assays along with flow
cytometry and time-lapse live cell imaging to address lineage
commitment mechanisms during T cell development (40).
The transcription factor Bcl11b is expressed in all T cell
lineages and necessary for commitment to such lineages
from precursor cells but the mechanism of how this factor is
turned on and maintain expression throughout T cell lineages
remained unclear (40). This study identified three distinct
steps to turn on Bcl11b expression: (i) an early commitment
step, where the locus becomes “poised” for expression, which
is dependent on two T cell lineage-restricted transcription
factors, TCF-1 and GATA-3, (ii) a more “permissive” step that
is dependent on Notch signaling, and (iii) a third “amplitude-
control” step to modulate Bcl11b gene expression, that requires
another transcription factor, Runx1, already present from
early precursor cells (40). These stepwise and stage-specific
mechanisms act in an orchestrated fashion, thereby tightly
regulating transcriptional activation of Bcl11b that is necessary
for developmental commitment of T cell lineage (40). Another
study comprehensively characterized transcriptional and
differentiation regulation of myeloid progenitor populations de
novo (41). They show that simply analyzing cell populations
by their cell surface receptor expression does not accurately
reflect sub-populations of progenitor cells (41). However,
by adopting a multi-modal approach, including scRNA-seq,
fluorescent activated cell sorting (FACS), functional assays,
chromatin profiling (using H3K4me2 as a mark), genetic
perturbation, and computational modeling, the authors could
profile myeloid cell precursor sub-populations and further
suggest that transcriptional priming in myeloid cells is coupled
with in vivo developmental commitment (41). Their model
also proposes a circuitry of potential transcription factor
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activity within and between myeloid sub-populations (41).
Therefore, a combination of genetic perturbation with scRNA-
seq and computational modeling enables to further identify the
critical players of transcriptional programs during the myeloid
differentiation process (41). The same group also used a novel
technique called, CRISP-Seq, that combines CRISPR-pooled
techniques with scRNA-seq to study the transcriptional pathways
regulating bifurcation of monocyte/macrophage and dendritic
cell lineages (42). This study identified two critical transcription
factor, Cebpb and Irf8 that are critical for such lineage choices
and further illustrated the potential of such a highly multiplexed
screening strategy to identify “transcriptional rewiring” often
associated with inflammatory and antiviral pathways (42).

To elucidate the regulatory check points of B cell development
from early hematopoietic precursors through to naïve B
cells, Pe’er et al. combined single-cell mass-cytometry together
with a computational algorithm to construct developmental
trajectories to monitor this progression (43). This comprehensive
analysis of human B lymphoid developmental stages allowed
them to uncover previously unidentified subsets of B cells
that undergo immunoglobulin gene rearrangement by aligning
protein co-expression profiles (43). Phenotypically ordering
these various stages, they could also identify the role of
IL7 mediated phosphorylation of STAT5 in defining these
developmental sub-populations of B cells (43). Hence, by
combining computational algorithms with scRNA-seq, they
identified cellular checkpoints during B cell development that
were coordinated with other cellular events like cell cycle status,
apoptosis and IgH gene rearrangement, thereby establishing a
more complete “ordered” model of B cell development (43). In
a more recent study, Miyai et al. used scRNA-seq analysis to
unravel mechanism of transcriptional priming of multipotent
hematopoietic progenitors to B cell lineage (44). While it is
known that stem cell fate is primarily dictated by a set of
core transcription factors and associated epigenetic changes,
the transcriptional regulatory mechanisms and the cross-talk
amongst these transcription factors involved during cell fate
decisions remain incomplete (44). A multi-modal approach,
which included single cell analysis, demonstrated an unexpected
multi-step, sequential transcriptional priming process occurring
in three waves, before the regulatory cross-talk begins for
B cell commitment (44). The early-wave include activation
of transcription factor genes like Fos and Jun, a mid-wave
exhibited upregulation of factors like Cebpb and Tead2 and
finally a late-wave that included factors like SpiB and Irf4
as well as genes encoding chromatin regulators like Ezh2
(44). It is known that scRNA-seq usually suffers from under-
representation of lowly expressed mRNAs, which is generally
termed “dropout” that hides important relationships amongst
various genes and transcriptional pathways in a given cell,
thereby limiting accurate mechanistic predictions (45). An
algorithm to predict gene interaction pathways and transcription
factor targets has been recently developed, which is expected
to greatly aid in analyzing scRNA-seq data and accurately
deduce even lowly expressed mRNAs in such datasets (45).
Taken together, these multi-modal approaches clearly show that
in the near future more studies combining scRNA-seq with

functional and perturbation experiments as well as computation
will be undertaken to move beyond phenomenology and
identify transcriptional regulatory mechanisms in the immune
system (5).

FUTURE PERSPECTIVES

The bewildering complexity of the mammalian immune system
for proper function and appropriate responses to foreign
pathogens at the right time is regulated by an elaborate network
of cellular and tissue interactions. Hence, to achieve a systems
level understanding and mechanistic elucidation of the immune
system necessitates identification and characterization of its
resident cells with their substantial heterogeneity. Clearly, single
cell analysis, thoughmostly in the realm of transcriptomics/RNA-
seq, is providing us with tools to achieve such a feat
(46). In the near future, when the single cell data sets are
compared and combined with ensemble level profiles from
various patient population (e.g., The Cancer Genome Atlas,
TCGA; http://cancergenome.nih.gov/), they are likely to identify
molecular targets and novel avenues appropriate for therapeutic
interventions (47). However, a limitation of over relying on
transcriptomic studies is that it is naturally assumed that the
message levels accurately correspond to protein levels (48). This
is often not true, and the field of single cell analysis needs to
advance beyond transcriptomics to technologically develop and
subsequently incorporate single cell proteomics, metabolomics,
lipid profiles and imaging at high throughput scale comparable to
and compatible with RNA-seq (47, 48). Moreover, the studies of
isolated, dissociated cells must be combinedwith in situ single cell
studies in tissues and organs to provide more meaningful spatial
and cellular residency data.

It should be noted though that single cell analysis has
come a long way and recent developments in this space raise
considerable hope that these studies will move beyond their
current, predominantly discovery-driven realm to a mechanistic
and hypothesis-driven realm and the mysteries of the immune
system will ultimately be resolved. For example, high throughput
single cell chromatin contact analysis (Hi-C) is enabling us
to decipher the genome architecture in distinct cell types at
single cell resolution, which when combined with transcriptomic
and proteomic data should provide mechanistic insights into
cellular heterogeneity and differentiation (49). New and exciting
development in this field now also provides a pathway to
carry out cellular profiling via genome topology as the only
variable (50). Because the 3D genome structure is usually of
high information content with many molecular features, it could
be employed in cluster analysis to profile distinct cellular types
(50). For example, the promoter-enhancer looping is known to
regulate differential gene expression in a cell type dependent
fashion. Employing the feature of differentially formed but
established cell type–specific promoter-enhancer loops (based on
cell type–purified bulk Hi-C), this study could unambiguously
separate the single cells into specific clusters of immune
cell types (50). Finally, an exciting new advancement called
super resolution chromatin tracing that uses super resolution
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microscopy is revealing at single cell level how the genome
is folded into topologically associated domains (TADs) and
cooperative interactions at this level even in the absence of
cohesion (a co-factor necessary for binding of CCCTC-binding
factor CTCF), thus, TADs are likely to be units of chromatin
folding (51). This is a breakthrough in studying structure and
function of the genome and expected to significantly advance this
field (51).

It is worthwhile to ponder why no two cells in an animal could
be identical. Raj and colleagues argue that in general, there are
two reasons why any two cells might differ from each other and
these might not be mutually exclusive (48). First, the fate of the
cell could be a deterministic outcome—cells receiving distinctly
different instructions, leading to different outcomes. Second, a
stochastic or probabilistic outcome– cells behave functionally
differently with distinct outcomes, although they receive the same
set of instructions. In case of the immune cells, we could perhaps
imagine an additional scenario that depending on whether the
immune cells of the same lineage landing in distinct anatomical
locations “acquire” new functions depending on the “new”

tissue niche (changing from deterministic to stochastic fate) or
“inherit” distinct functions (remain deterministic) even before
they arrive at their final destination. Certainly, we are into really
exciting times!
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