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The Whole Body as the System
in Systems Immunology

Maya M.L. Poon'? and Donna L. Farber'2:3*

SUMMARY

The human immune system is comprised of a diverse and interactive network of
specialized cells localized in diverse tissues throughout the body, where they
mediate protection against pathogens and environmental insults while maintain-
ing tissue homeostasis. Although much of our understanding of human immu-
nology has derived from studies of peripheral blood, recent work utilizing human
tissue resources and innovative computational methods have employed a whole-
body, systems-based approach, revealing tremendous complexity and heteroge-
neity of the immune system within individuals and across the population. In this
review, we discuss how tissue localization, developmental and age-associated
changes, and conditions of health and disease shape the immune response, as
well as how improved understanding of interindividual and tissue-specific immu-
nity can be leveraged for developing targeted therapeutics.

INTRODUCTION

The human immune system protects the body from infection by pathogens, exposure to environmental
toxins and allergens, and cellular damage that may lead to cancer. The immune system also plays a critical
role in maintaining homeostasis by mediating tissue repair and controlling inflammation. Unlike other or-
gan systems that are contained within a specific tissue or structure (for example, the heart and blood ves-
sels in the cardiovascular system), the immune system is comprised of a diverse population of specialized
immune cells that provide surveillance to all tissues, forming a complex network across the human body.
The two arms of the immune response comprise innate immunity, which provides a crucial immediate
response triggered by signals from pathogens or dying cells, and adaptive immunity, which generates
memory responses to specific antigens for long-term protective immunity. Cells of the innate immune sys-
tem include macrophages and dendritic cells that largely reside in tissues, as well as neutrophils and other
granulocytes that predominate in circulation. T and B lymphocytes form the cellular components of
adaptive immunity and populate blood, lymphoid tissues, and non-lymphoid sites as circulating and tis-
sue-resident subsets. Thus, understanding the complexity of the immune response requires examination
of multiple cell subsets within diverse compartments across the body.

This vast and intricate system of cell-cell interactions across multiple anatomic sites has proven particularly
challenging to study in humans. Although most of our understanding of human immunology is based on
studies of peripheral blood, such analyses provide a limited view as the majority of innate and adaptive im-
mune cells localize in tissues. Identifying differences in immune cells between blood and individual tissue
sites has been accomplished with samples from biopsies and surgical resections, with the caveat that tis-
sues are often associated with disease states (Alcantara-Hernandez et al., 2017; Giesecke et al., 2014; Mc-
Govern et al., 2014; Medina et al., 2002; See et al., 2017; Sen et al., 2014; Simoni et al., 2017). By contrast,
obtaining samples from deceased organ donors enables acquisition of multiple nondiseased tissue sites
from an individual, such that tissue- and subset-specific influences on immune cells can be assessed
(Boor et al., 2019; James et al., 2020; Schoettler et al., 2019; Senda et al., 2019; Snyder et al., 2019; Stewart
et al., 2019). Analyzing multiple sites within an individual and among individuals can also provide insight
into how the immune system functions as a network across diverse organ tissues within the human body
across decades of life (Carpenter et al., 2018; Dogra et al., 2020; Granot et al., 2017; Meng et al., 2017; Sa-
thaliyawala et al., 2013; Szabo et al., 2019a; Thome et al., 2014, 2016a; Yudanin et al., 2019). Advancements
in cell profiling technology and computational techniques applied to these samples have proven indis-
pensable for building a whole-body, system-based perspective of the human immune system, providing
a new baseline from which to understand the immune response in disease. This review will examine recent
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progress in the field of human immunology and systems biology that have revealed new insights into the
multiple levels of cellular and tissue interactions that underlie immune protection, regulation, and homeo-
stasis and how they are altered due to age and disease.

Levels of Heterogeneity in the Human Immune System

The immune system controls how we respond to pathogens, environmental antigens, cancer, and other in-
sults; therefore, understanding the pathways, mechanism, cells, and molecules is central to human health.
There is much to learn about the factors that impact the immune response, including variations among in-
dividuals over the broad range of ages of human life and as a feature of health and disease (Figure 1).
Because the immune response is localized in multiple sites across the body and also in the blood, it is
essential to sample key tissues that contain diverse immune cell populations including primary and second-
ary lymphoid organs (bone marrow, lymph nodes, spleen, tonsil), mucosal and barrier sites (skin, intestines,
lungs), and metabolic organs, such as the liver and pancreas (Figure 1). Within each of these tissues are mul-
tiple innate and adaptive immune cell types and subsets; notably, similar immune cell lineages exhibit
distinct features depending on whether they circulate in blood or localize in tissues. Adding to the
complexity are tissue-specific adaptations that immune cells adopt within certain sites. Described below
and in Figure 1 and Table 1 are the key cellular components of innate and adaptive immunity, their segre-
gation in blood and different tissue sites, and their roles in the immune response.

In peripheral blood, innate immune cells comprise the majority of the immune cell compartment, with neu-
trophils being particularly abundant and T and B lymphocytes found in smaller proportions (Figure 1).
Within organs and barrier sites, the innate and adaptive immune cells coordinate responses to provide tis-
sue-specificimmunity (Figure 1). The key tissue innate cells are macrophages, professional phagocytes that
ingest cellular debris, pathogens, and other foreign substances. Long-lived tissue macrophages are estab-
lished prenatally from embryonic precursors, self-renew in situ, and are highly specialized for their tissue of
residence (Ginhoux and Guilliams, 2016; Gomez Perdiguero et al., 2015; Hashimoto et al., 2013; Yona et al.,
2013). These include brain microglia, lung alveolar macrophages, spleen red pulp macrophages, and liver
Kupffer cells (Ginhoux et al., 2010; Ginhoux and Jung, 2014; Hoeffel et al., 2012; Lavin et al., 2014; Merad
et al., 2002; Nagelkerke et al., 2018) (Table 1).

Dendritic cells (DCs) are the innate immune cells that link innate and adaptive immunity through their role
as antigen-presenting cells (APCs) crucial for T cell activation. Because of their unique ability to carry anti-
gens from mucosal sites to T cell zones of tissue-draining lymph nodes, conventional DCs (cDCs), including
c¢DC1 and cDC2 subsets perform the crucial task of presenting antigens to induce T cell responses (Table 1)
(Audiger et al., 2017; Austyn, 2016; Bigley et al., 2015; Granot et al., 2017; Kashem et al., 2017; Klechevsky
et al., 2008; Randolph et al., 2008). Circulating plasmacytoid DCs (pDCs) represent a small subset of DCs
that infiltrate tissues to secrete large amounts of type | and type Ill interferons (IFNs) in response to viral
infection and are particularly abundant in human tonsil at steady state (Bigley et al., 2015; Merad et al.,
2013; Reizisetal., 2011a,2011b; Segura et al., 2013). Other innate cell types are innate lymphoid cells, which
include natural killer (NK) cells abundant in human blood and tissues, as well as helper-type innate
lymphoid cells (ILCs) ILC1, ILC2, and ILC3 that are mostly tissue-resident in different sites (Figure 1) (Briig-
gen et al., 2016; Dogra et al., 2020; Fuchs et al., 2013; Peng and Tian, 2017; Simoni et al., 2017; Yudanin
etal., 2019). NK cells are important for anti-tumor and anti-viral immunity, whereas ILCs may act to promote
tissue repair (Ishizuka et al., 2016; Sun and Lanier, 2011). Although innate immune cells have classically been
described as having a rapid, short-lived response, studies in the past decade have shown that the function
of myeloid and innate lymphoid cells can be shaped and enhanced by prior antigenic exposure through
epigenetic and metabolic changes or modulation of surface receptor expression (Netea et al., 2020; O'Sul-
livan et al., 2015; Rodriguez et al., 2019; Sun et al., 2009; Wang et al., 2020).

The adaptive immune system is characterized by its diverse repertoire of antigen-specific receptors expressed
by T and B lymphocytes and ability to retain immunological memory over decades. V(D)J recombination (recom-
bination of receptor gene segments) and somatic hypermutation (mutation affecting the variable regions of
immunoglobulin genes) allow a limited number of genes to generate a diverse repertoire of antigen receptors.
T lymphocytes recognize specific antigens through interactions between their unique surface T cell receptor
(TCR) and peptide-bound MHC molecules on APCs (Rossjohn et al., 2015). Conventional T cells are categorized
into CD4" helper and CD8" cytotoxic T cells. Upon activation, naive CD4™ T cells differentiate into T helper cell
lineages defined by their function and cytokine production, including Th1, Th2, Th9, Th17, Th22, T follicular
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Figure 1. Immune System Heterogeneity of the Human Body

The human immune system is characterized by multilevel heterogeneity. Within an individual, immune cells are localized
in multiple sites, including blood, primary and secondary lymphoid organs, organs of the respiratory and Gl tract (lungs,
intestines, pancreas liver), and barrier sites (skin, mucosal surfaces). Within tissues are diverse types of innate and adaptive
immune cells—some that are present in circulation and migrate through blood and different tissues and others that
establish and maintain residence within specific tissue sites. The composition, phenotype, function, and tissue-specific
adaptations of diverse populations of immune cells differ between sites. Between individuals, immune responses vary
depending on factors, such as age and conditions of health or disease. Understanding the whole body as a system
requires investigation of the human immune system at all levels and integration of data from single cells to tissues to
individuals.

helper cells (Tth), and regulatory T cells (Treg) (for a review, see (Geginat et al., 2013)) (Table 1). CD8" cytotoxic
T cells comprise a less diverse group and, when activated, can secrete proinflammatory cytokines and cytotoxic
mediators for killing of infected cells and tumor cells (Zhang and Bevan, 2011). Following the effector phase, dur-
ing which expanded clones of antigen-specific T cell subsets coordinate antigen clearance, most T cells undergo
apoptosis. However, a small number of T cells survive and differentiate into heterogeneous subsets of memory
T cells, which provide long-term immunosurveillance and enhanced recall responses.
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Immune Cell Type

Blood Innate Neutrophils

Eosinophils & Basophils

Monocytes

DCs Plasmacytoid DC

Natural killer (NK) cells

Adaptive Circulating Naive T cell
T lymphocytes
TCM
TEM
TEMRA
Treg
Circulating Naive B cell

B lymphocytes
Plasmablast

Memory B cell

Table 1. Circulating and Tissue-Localized Immune Cell Types and Their Role in Inmunity

Role in Immunity®

® Phagocytic granulocytes that release soluble antimicrobials during
infection

SS300V N3dO

e Circulating granulocytes involved in allergy/asthma and parasitic in-
fections

e Circulating phagocytes; involved in antigen presentation and wound
healing

e Precursors of inflammatory monocyte-derived dendritic cells (DCs) and
macrophages

e Small subset of DCs with lymphocyte-like morphology; critical in anti-
viral immunity

e Cytotoxic for infected and tumor cells
e Protect against new infections; primary response

e Central memory T cell; circulate between blood and lymphoid tissues;
predominantly CD4*

e Effector memory T cell; migrate through tissue sites

e Terminally differentiated effector T cell; predominantly CD8*

e Regulatory T cell; immune regulation and homeostasis

® Protect against new infections; primary response

e Short-lived antibody-secreting B cell generated early in an infection

® Patrol for previously encountered antigens; quick and robust second-
ary response

(Continued on next page)
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Immune Cell Type

Tissue Innate Mast cells

Tissue macrophages

DCs

Innate lymphoid cells (ILCs)

Adaptive Tissue-resident

T lymphocytes

Tissue-resident
B lymphocytes

Table 1. Continued
2For references, see text.

Conventional DC
NK cell

Helper-type ILC

af T cell

Innate-like T cell

Plasma cell

Memory B cell

Follicular B cell

Marginal zone B cell

TRM

Treg

Tth

v3 T cell

iNKT cell

MAIT cell

Role in Immunity®

Express high-affinity IgE receptors (FceRl) that recognize antigens
bound to IgE antibodies

Release histamine and other molecules associated with anaphylaxis

Professional phagocytes that reside in tissues to ingest cellular debris
and foreign material

Highly specialized and distinct depending on their tissue of residence
Present antigens to induce T cell responses
Anti-tumor and anti-viral tissue immunity

Cytokine production profiles match corresponding helper T cell sub-
set

Promote tissue repair and display functional plasticity

Tissue-resident memory T cell; in situ protection against pathogens
and tumors

Suppression of tissue inflammation and tissue repair

Follicular helper T cell; support B cell maturation, and required for
germinal center formation

Express v/3 T cell receptors

Invariant NK T cell; recognize lipid antigens presented on CD1d mol-
ecules

Mucosal-associated invariant T cell; recognize vitamin B metabolites
on MR1 molecules

Long-lived antibody-secreting B cell generated later in an infection

Localize predominantly in bone marrow

Long-lived; recognize known antigens for faster, more robust second-
ary response

Produce high-affinity antibodies; primarily localize in follicles of sec-
ondary lymphoid organs

First line of defense against blood-borne pathogens entering from
circulation
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Diverse memory T cell subsets populate blood and virtually every tissue site; circulating subsets include
central memory T cells (Tcym) expressing the lymph node-homing receptor CCR7, effector memory
T cells (Tewm) that migrate through diverse tissues, and terminally differentiated effector T cells (Temra) (Sal-
lusto et al., 2004; Thome et al., 2014), whereas tissue-resident memory T cells (Trm), characterized by their
expression of CD69 (and CD103 in barrier sites), are noncirculating, localize within peripheral tissues, and
provide optimal protective immunity to pathogens in situ (Clark et al., 2006; Heath and Carbone, 2013; Ku-
mar et al., 2017; Masopust and Soerens, 2019; Mueller and Mackay, 2016; Sathaliyawala et al., 2013; Szabo
etal., 2019b; Watanabe et al., 2015; Zhu et al., 2013). Other types of T cells with more restricted recognition
properties and invariant TCR, such as yd and mucosal-associated invariant T cells (MAIT) cells, also
exhibit tissue residence (Table 1), and their role and interaction with conventional a3 T cells in mediating
tissue immune responses is an active area of study (Bendelac et al., 2007; Chien et al., 2014; Xiao and Cai,
2017).

B cells can also be found in circulation and in tissues, but they are largely confined to lymphoid sites
(lymph nodes, spleen, bone marrow) and comprise a relatively rare immune population in human non-
lymphoid organs, often far outnumbered by T cells (Carpenter et al., 2018; Egbuniwe et al., 2015; Nihal
et al., 2000; Sathaliyawala et al., 2013). B cells express a unique membrane-bound B cell antigen receptor
(BCR) immunoglobulin that, when activated, is secreted as antibodies in plasma that can directly bind
antigens. In secondary lymphoid organs (SLOs) and in isolated lymphoid follicles (ILFs) found along
the length of the gastrointestinal (Gl) tract and in Peyer patches (PPs), follicular B cells form clusters sur-
rounded by a T cell zone, whereas marginal zone B cells populate the interface between nonlymphoid
red pulp and lymphoid white pulp in the spleen and in other lymphoid tissues (Pillai and Cariappa,
2009). During an active immune response, B cell follicles form germinal centers that facilitate T-B cell in-
teractions, immunoglobulin class switching, and B cell differentiation to antibody secreting plasma cells
and memory B cells. Humoral immunity is maintained through maintenance of memory B cells in
lymphoid sites, plasmablasts in circulation, and long-lived plasma cells in bone marrow (Nutt et al,
2015; Slifka et al., 1998).

Methods and Computational Approaches in Systems Immunology

Defining the heterogeneity of different immune cell lineages and their variability between and within sites,
over age, and in disease requires high-dimensional experimental and computational methods. Assays of
increasing resolution have led to new insights into immune cell populations on the protein, transcriptomic,
and genomic level, including single-cell technologies that newly define heterogeneity of immune cells
across tissues, among individuals, and over development (Figure 2). Cytometry is one of the most tried
and true methods for analyzing immune populations at the population and single-cell level (Figure 2).
Flow cytometry utilizes fluorophore-conjugated antibodies that bind to surface and intracellular proteins
expressed by immune cells, which can then be analyzed based on the emission spectrum upon illumination
with specific wavelengths. Previously, the number of parameters was limited by the spectral overlap of fluo-
rescent markers, but with advances in instrumentation and fluorochromes, current technologies have the
capability of analyzing up to 50 different parameters at high resolution (Dogra et al., 2020; Mair and Prlic,
2018; Saeys et al., 2016). Most recently, spectral flow cytometry, which captures the entire spectrum of fluo-
rescence, has enabled the use of fluorochromes with closely overlapping emission spectra and allows for an
ever increasing number of parameters (Nolan and Condello, 2013). Flow cytometry also enables isolation of
populations defined based on these multiple parameters using different types of fluorescent-activated
cells sorters.

An alternative to flow cytometry is mass cytometry, or cytometry by time-of-fight (CyTOF), which replaces
fluorophore labels with heavy metal tags and analyzes cells using a time-of-flight mass spectrometer (Fig-
ure 2). Eliminating the issue of spectral overlap encountered in flow cytometry, CyTOF allows for analysis of
up to 100 parameters although is often limited to 40-50 parameters (Amir et al., 2013; Miron et al., 2018;
Nyman et al., 2017; Stewart et al., 2020). Studies using CyTOF technology have provided new insights in
human CD8" T cell activation, monocyte heterogeneity, DC development and interindividual variation,
memory T cell maintenance in lymph nodes, remodeling of T cell populations following viral infection,
and compartmentalization of immune cells in fetal tissues (Alcantara-Hernandez et al.,, 2017; Hamers
etal., 2019; Lietal., 2019; Miron et al., 2018; Newell et al., 2012; See et al., 2017; Sen et al., 2014). Limitations
of CyTOF are that a smaller, less dynamic range in expression can be discerned compared with flow cytom-
etry, and the cells, once analyzed, cannot be sorted for isolation.
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Figure 2. Single-Cell Methods for Systems Immunology
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Diagram shows the different single-cell technologies, such as cytometry and genomic sequencing techniques, and computational approaches that have
been instrumental to systems-wide study of the human immune system. Flow cytometry and mass cytometry enable characterization of immune cell

phenotype and function through quantification of cell surface proteins, intracellular proteins, and cytokine production.

Single-cell RNA sequencing

measures differentially expressed genes among single cells to elucidate heterogeneity within an immune population and identify distinct functional

modules and regulatory networks. Antigen receptor sequencing characterizes lymphocyte repertoires, which inform the
across diverse tissues within an individual through assessment of clonal overlap between sites, gene segment usage, and
approaches for data visualization and analysis (bottom row) include methods for dimensionality reduction and unsupervi

connectivity of adaptive immunity
clonal abundance. Computational
sed clustering (e.g. t-SNE, UMAP),

trajectory inference analysis, and data projection onto existing datasets to directly compare immune parameters between tissues, individuals, under

different conditions, and in health and disease.

Advances in detection of gene expression on the population and single-cell level has increased the depth
and breadth at which we can analyze the human immune system. Whole transcriptome profiling by RNA
sequencing (RNA-seq) generates read counts of all the transcripts within a population and differential
gene expression analysis can reveal signatures that define specific subsets (Stark et al., 2019). RNA-seq
has been used to define Try as a distinct subset in mice and humans (Kumar et al., 2017; Mackay and Kallies,
2017; Mackay et al., 2016) and distinct features of human B cell subsets in blood and tissues (Weisel et al.,
2020). Applying whole transcriptome profiling to single cells (scRNA-seq) enables identification and strat-
ification of cell subsets based on differential gene expression and can lead to de novo discovery of new cell
types and cell states, as well as tissue-specific adaptations of cell types within and across tissues (Figure 2).
Since the introduction of scRNA-seq in 2009 (Tang et al., 2009), new technological advances in scRNA-seq
methods including plate-based approaches and the 10X Genomics approach employing microdroplet-
based systems enable rapid and efficient capture of high transcript numbers per cell (Bush et al., 2017;
Hwang et al., 2018; Jaitin et al., 2014). Recent studies using scRNA-seq approaches have led to identifica-
tion of cell types and progenitors, developmental processes, activation trajectories, and functional signa-
tures for diverse immune cell lineages (Papalexi and Satija, 2018; Paul et al., 2015; Popescu et al., 2019;
Schultze and Aschenbrenner, 2019; See et al., 2017; Stewart et al., 2019, 2020; Szabo et al., 2019a; Villani
etal, 2017; Yu et al., 2016).
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T and B cells exhibit an additional level of genomic complexity in their expression of uniquely rearranged
antigen receptor genes. Each T and B cell that develops expresses a distinct TCR or BCR that can be iden-
tified by high-throughput sequencing of the variable portion (containing the complementarity region 3
(CDR3) of the TCRB chain for T cells and the IGH gene for B cells) (Bradley and Thomas, 2019; Chaudhary
and Wesemann, 2018). Sequencing methods capturing beyond the CDR3 region also exist (Rosati et al.,
2017). Common methods for high-throughput antigen receptor sequencing include PCR amplification of
genomic DNA and sequencing or reverse transcription of mRNA transcripts to cDNA (Heather et al.,
2018; Nielsen and Boyd, 2018). Other approaches include multiomic single-cell technologies, such as
10X Genomics single-cell immune profiling with V(D)J sequencing (Park et al., 2020), and innovative analysis
methods that allow researchers to extract receptor sequences from RNA sequencing data (Bolotin et al.,
2015, 2017). These approaches have enabled parallel analysis of TCR/BCR repertoire and transcription pro-
file. Although the 10X Genomics approach involves a primer-based amplification of the antigen receptor
locus, extraction of receptor sequences from RNA sequencing data ensures that there is no primer bias
(Mose et al., 2016). However, in both methods, the data likely represent only a fraction of the total clonal
diversity due to limited sampling. Sequencing TCR and BCR can identify how unique B and T cell clones
of the adaptive immune response are expanded and maintained across the human body in health, as
well as their role in inflammatory and autoimmune immune diseases and in cancer (Figure 2) (de Jong
et al., 2018; James et al., 2020; Meng et al., 2017; Schoettler et al., 2019; Thome et al., 2014).

Along with the innovations in instrumentation for single-cell profiling, advancements in computational
techniques have been crucial to analyze rapidly expanding datasets and extracting novel insights. Dimen-
sionality reduction techniques have allowed for unbiased and more intuitive visualization of high-dimen-
sional data. Common dimensionality reduction techniques include principle component analysis (PCA),
t-distributed stochastic neighbor embedding (t-SNE), and Uniform Approximation and Projection
(UMAP) method (Figure 2) (Becht et al., 2018; Luecken and Theis, 2019; van der Maaten and Hinton,
2008). Cluster analysis methods group cells based on similarity of gene expression profiles, providing struc-
ture to heterogeneous immune populations. Unsupervised clustering methods are particularly useful,
because they provide an unbiased, data-driven approach to organizing unlabeled data that has led to dis-
coveries of distinct immune subsets (Li et al., 2019; See et al., 2017; Sweatt et al., 2019). Longitudinal ana-
lyses of human immune responses are less readily accomplished compared with animal models; however,
trajectory inference analysis, such as “pseudotime” or “pseudospace,” of single-cell data is a technique
that orders individual cells along a trajectory based on expression profiles to infer a continuum of cell states
from a static time point (Chen et al., 2018; Kunz et al., 2018; Saelens et al., 2019). This technique has been
used to understand dynamic immune responses, capture transition states, define gene regulatory net-
works, and follow immune cell development and differentiation (Figure 2) (Bendall et al., 2014; Lonnberg
et al., 2017; Paul et al., 2015; Setty et al., 2019; Stubbington et al., 2017; Velten et al., 2017). Finally,
emerging computational strategies allow projection of data onto existing datasets, enabling direct com-
parison of immune responses under different conditions and in health and disease (Figure 2) (Szabo
et al., 2019a).

Emerging single-cell technologies now enable simultaneous analysis of multiple data sources, including
genomic DNA and mRNA transcription (Dey et al., 2015), gene and protein expression using DNA-labeled
antibodies as in cellular indexing of transcriptomes and epitopes by sequencing (CITE-seq) (Peterson et al.,
2017; Stoeckius et al., 2017), gene expression and TCR/BCR repertoire (Ferguson and Chen, 2020; James
etal., 2020), and gene expression along with DNA methylation (Cheow et al., 2016; Macaulay et al., 2017). In
addition, new technologies pairing single-cell transcriptomics and spatial profiling—spatial transcriptom-
ics—enable deeper understanding of the role of tissue topography and environment in the function and
organization of the human immune system (Eng et al., 2019, Moncada et al., 2020; Rodriques et al.,
2019). As single-cell profiling technologies become more advanced and datasets become larger and
more complex, the integration of systems biology is essential for identifying key features of the human im-
mune system in health and disease.

IMMUNITY IN SPACE AND TIME

At the whole-body level, the integration of the multiple approaches described earlier has revealed new in-
sights into the development, function, and maintenance of the immune response. We and others have used
in-depth profiling that integrates flow or mass cytometry-based approaches with transcriptomics as
applied to multiple sites obtained from individuals to assess how innate and adaptive immune cells are
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distributed and maintained in blood and tissue sites over decades of life (Carpenter et al., 2018; Dogra
et al., 2020; Granotet al., 2017; Kumar et al., 2017, 2018; Miron et al., 2018; Sathaliyawala et al., 2013; Senda
et al, 2019; Thome et al., 2014, 2016a; Weisberg et al., 2019; Yudanin et al., 2019). These studies have re-
vealed that the immune cell composition is largely a feature of the tissue site and that the distribution of
subsets for each lineage type is also influenced by the developmental origin. Single-cell technologies
have elucidated developmental and functional heterogeneity within lineages and how immune cells in
blood relate to those in tissue sites. Finally, high-level analyses integrating multiple readouts are showing
which aspects of the immune response change with age and the key drivers of individual difference be-
tween immune responses.

Innate Immune Cell Distribution, Maintenance, and Development

For innate cells, studies combining high-dimensional and basic flow cytometry methods, whole transcrip-
tome profiling, and other approaches have shown that monocytes, granulocytes, DCs, and innate lymphoid
cells, including NK cells and ILCs, exhibit tissue-intrinsic distribution. Monocytes and granulocytes are
largely confined to blood and blood-rich tissues sites, and their distribution and frequencies are features
of the specific site and do not show significant age-associated or interindividual variations (Carpenter et al.,
2018; Granot et al., 2017). For DCs, studies in multiple tissues, including skin, lung, and intestine, and in
SLOs, such as spleen, lymph nodes, and tonsil, have shown that the phenotype, function, localization,
and composition of DC subsets are specialized to the tissue site (Bigley et al., 2015; Chu et al., 2012; Granot
etal., 2017; Haniffa et al., 2012; Kashem et al., 2017; Klechevsky et al., 2008; Mittag et al., 2011; Sada-Ovalle
etal., 2012; Segura et al., 2013; Steiniger, 2015). These tissue-intrinsic distribution patterns that are largely
independent of age also apply to cDC subsets (in all sites and at highest frequencies in SLOs) and pDCs,
which are rare subsets present in blood and lymphoid sites (Carpenter et al., 2018; Granot et al., 2017).

Studies of site-specific features of DCs have provided insights into their development and function. Mature
cDC subsets, which upregulate MHC class Il for antigen presentation and exhibit markers of tissue migra-
tion, are predominantly cDC2 and enriched in lymph nodes draining mucosal tissue sites, such as the lung
and intestines (Granot et al., 2017), indicating active sites of DC-mediated immune surveillance during ho-
meostasis. They identified bone-marrow-derived circulating cDC precursors present in both cord blood
and adult peripheral blood and found that cDC1 and ¢cDC2 populations are derived from distinct line-
age-primed circulating precursors, which can be distinguished based on CD172a (Breton et al., 2016). Tis-
sue-specific features of DCs have been identified, including Langerhans cells (LCs) in the skin, characterized
by their expression of Langerin (CD207), and follicular DCs in B cell follicles of SLOs, essential for proper
germinal center formation and memory B cell development (Heesters et al., 2014; Merad et al., 2008).
Although these features of cDC tissue distribution are largely conserved over age and between individuals,
interindividual heterogeneity among blood and skin ¢cDC2s have also been found (Alcantara-Hernandez
etal., 2017), suggesting differences in DC-mediated surveillance between individuals. The developmental
origin of DCs has been analyzed by scRNA-seq of blood DCs demonstrating a differentiation trajectory of
human DCs, as well as precursors for the DC lineage and specific cDC subsets (Breton et al., 2016; See et al.,
2017). Whether certain of these newly defined DC precursors are seeded or maintained in tissues remains
to be established.

Innate lymphoid cells include NK cells that are abundant in many sites and subsets of helper-type ILC1,
ILC2, and ILC3 that are rarer and mostly tissue-resident. A recent comprehensive analysis of NK cell subsets
of different maturation and functional states demonstrated that characteristics of NK cell subsets are pri-
marily driven by tissue site; mature, cytolytic, and terminally differentiated NK cells are enriched in circula-
tion and in blood-rich tissues, such as the lung, bone marrow, and spleen, whereas less functionally mature
NK cells are present in lymphoid sites and intestines and exhibit transcriptional and phenotypic features of
tissue residency (Dogra et al., 2020). Analysis of multiple markers of NK cell development revealed that NK
cells in lymph nodes and intestines are immature and also contain NK-like precursors with novel pheno-
types (Dogra et al., 2020), suggesting that lymph nodes and intestines may be reservoirs for maintenance
of immature NK cells for seeding and replenishing the mature NK cell pool. Complementary studies exam-
ining maintenance of NK cells and helper-type ILCs in diverse tissue sites demonstrated that innate
lymphoid cell subsets display considerable phenotypic and transcriptional heterogeneity driven by tissue
site and conserved across donors and age (Simoni et al., 2017; Yudanin et al., 2019). Together, these studies
on cells of the innate immune system reveal tissue distribution based on site and developmental stage that
is largely maintained over the lifetime of an individual.
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Adaptive Immunity: T Cell Development, Differentiation, and Memory Maintenance

For adaptive immune cells, the majority of studies have focused on T cells, dissecting how the different sub-
sets are distributed in tissue sites and the impact of tissue site and age in their functional regulation. T cells
are unique among immune cells in that they have a specialized organ for their development and output—
the thymus—which is highly active at birth, declines during childhood, and is nascently active in adulthood
with evidence pointing to thymic shutdown in middle age (40-50 years) (Haynes et al., 2000; Thapa and
Farber, 2019; Thome et al., 2016b). In the thymus, bone-marrow-derived T cell precursors undergo further
development to mature T cells, involving rearrangement of T cell antigen receptor genes and selection for
T cells that lack overt self-reactivity for export to the periphery. Applying scRNA-seq and systems analysis
to T cell development in the human thymus has recently been reported across fetal development, child-
hood, and adult life (Park et al., 2020). Paired analysis of scRNA-seq data with TCR data revealed a devel-
opmental trajectory for human T cells starting from CD4~CD8™ double-negative (DN) cells to mature CD4™"
and CD8" single positive (SP) cells and elucidated the process of TCRB selection, providing evidence for
progressive recombination of the TCRa allele starting with proximal V-J pairs followed by distal pairs
(Park et al., 2020). In addition, Park, et al. described a diverging lineage of ¥d T cells between the DN
and DP stages and Tregs branching from aff T cells (Park et al., 2020). This in-depth analysis revealed a
developmental trajectory for human T cells that uniquely occurs within thymic tissue and prior to export
of mature naive CD4" and CD8™ T cells to peripheral sites.

Upon export from the thymus, mature T cells populate blood and virtually every tissue site in the body. Hu-
man T cell subsets also follow a tissue-dependent pattern of distribution and maintenance, but unlike
innate cells, tissue intrinsic subset composition exhibits age-associated changes, as reviewed elsewhere
(Kumar et al., 2018). Naive T cells are the predominant population in lymphoid tissue sites in early life
and childhood, whereas memory T cells populate mucosal, exocrine, and barrier sites with the accumula-
tion of antigen experience during childhood (Kumar et al., 2018; Thome et al., 2014, 2016a). As a result, for
most of adult life, there is a stable segregation of naive T cells being only found in blood and lymphoid tis-
sue (lymph node, spleen), whereas memory T cells predominate in virtually every nonlymphoid tissue exam-
ined, including mucosal sites (lungs, intestines), skin, exocrine tissues, liver, and brain (Kumar et al., 2017;
Pallett et al., 2017; Smolders et al., 2018; Watanabe et al., 2015; Weisberg et al., 2019). The majority of these
tissue memory cells comprise noncirculating Trm cells that exhibit distinct phenotypic and transcriptional
profiles that enable their retention in tissue sites (Hombrink et al., 2016; Kumar et al., 2017); tissue-specific
proportions of Try in each site are stably maintained with age (Senda et al., 2019; Thome et al., 2014). Given
that Trm are formed early in life and can be detected in mucosal sites in infants and children and during an
active infection (Connors et al., 2018; Thome et al., 20163a), it is possible that Tgy maintain long-term immu-
nity for maintenance of tissue homeostasis.

Trw exhibit heterogeneity and tissue-specific properties that are starting to be defined using transcriptom-
ics and single-cell approaches. In lymphoid sites, such as lymph nodes, tissue memory T cells exhibit
increased expression of transcription factors and functional markers associated with stemness and denot-
ing maintenance in a more quiescent state compared with memory T cells in spleen and bone marrow,
which exhibit a more differentiated state with increased turnover (Miron et al., 2018). Conversely, Trym local-
ized across the Gl tract exhibit distinct phenotypes and metabolic signatures whether they localize to the
small intestine, associated lymphoid tissue, or the pancreas (Weisberg et al., 2019), and unique localization
of Trm in liver sinusoids requires specific adaptations (Holz et al., 2018; McNamara et al., 2017). Further
elucidation of tissue memory T cell heterogeneity and tissue adaptations will be facilitated by applying
scRNA-seq technologies.

Functional Regulation

Single-cell technologies are providing new insights into the diverse functions and subtypes of T cells and
how these vary as a function of tissue site. A recent study using scRNA-seq profiling of resting and activated
T cells isolated from blood, bone marrow, lung, and lung lymph node (LLN) from human donors identified
functional modules conserved across all sites and specific signatures that distinguish blood and tissue
T cells (Szabo et al., 2019a). Unsupervised clustering of scRNA-seq data from bone marrow, lung, and
LLN from two organ tissue donors revealed three unique CD4" T cell activation states distinguished by dif-
ferential expression of IL2, TNF, and IL4R and two major functional states for CD8" T cells characterized by
differential expression of genes associated with pro-inflammatory cytokines and chemokines and
cytotoxic mediators (Szabo et al., 2019a). Applying single-cell Hierarchical Poisson Factorization (scHPF)
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(Levitin et al., 2019) revealed activation and functional “modules” that were highly conserved across tissues
and donors, including a proliferation module, an IFN response module, and two unique cytotoxicity mod-
ules. Moreover, projection of blood T cells profiles onto UMAP embeddings of T cells from tissue donors
revealed that tissue T cells upregulated genes associated with cell structure, extracellular matrix, adhesion,
and tissue residency, suggesting that T cells adopt structural changes that facilitate interactions with tissue
matrix (Szabo et al., 2019a). Together, these analyses demonstrate that T cells adopt a spectrum of func-
tional states when activated and are able to adapt when localized in peripheral tissues.

Functional heterogeneity of T cell subsets, such as Tregs and antigen-specific T cells, is also being eluci-
dated by scRNA-seq profiling. A recent study of scRNA-seq profiling identified the activation trajectory
of Tregs between draining lymph nodes and colon (James et al., 2020). They showed that there is a contin-
uous range of functional states from resting Tregs in mesenteric lymph nodes to colonic Tregs, which ex-
press high levels of functional regulatory molecules (James et al., 2020). Variations in T cell functional states
are hallmarks of diverse diseases, and scRNA-seq analysis can uncover new insights important for under-
standing disease pathogenesis and new therapeutic targets. A recent study identified specific functional
states for Tregs and allergen-specific CD4" T cells isolated from the blood of individuals with atopy and
asthma, revealing type 2 cytokines, along with an interferon (IFN) response state (Seumois et al., 2020),
similar to the IFN signature identified by scRNA-seq analysis of activated CD4" T cells from blood and tis-
sues (Szabo et al., 2019a). These findings highlight how scRNA-seq can reveal new cell states and identify
whether they are associated with disease or are part of the healthy spectrum of functional states.

CLINICAL APPLICATIONS

Advancements in sequencing technologies and computational techniques not only provide essential tools
in understanding the human immune system in health, but also are crucial for the development of improved
therapeutic strategies for human disease. In particular, vaccinology and cancer immunotherapies are two
areas that have greatly benefited from our increased knowledge of human immunity as a system that spans
the entire body.

Systems Vaccinology

A systems-biology-based approach to human immunology offers unique insights into vaccine develop-
ment. In the clinical setting, neutralizing antibody titers measured in peripheral blood serve as the primary
correlate of protection. However, immune responses within peripheral blood are not indicative of what is
occurring or maintained at tissue sites. In the context of pathogen-specific responses, human-influenza-
specific lung Trpm have been shown to be abundant, polyfunctional, and diverse in their receptor sequences
(Pizzolla et al., 2018; Purwar et al., 2011), whereas mouse studies of acute and persistent viral infections have
revealed that a large portion of T cells reside in tissue as Try and provide optimal protection long after viral
clearance (see (Masopust and Soerens, 2019; Szabo et al., 2019b) for reviews). Thus, it is crucial to design
strategies that will ensure the development and maintenance of immunity within the appropriate tissue
sites.

There are two major challenges for generating vaccines that target tissue responses. First, optimal strate-
gies for targeting durable and long-lasting tissue-resident responses need to be defined; and second,
methods are needed for monitoring the efficacy of tissue-directed vaccines in peripheral blood. Although
the former challenge requires more studies using animal models, progress in high-resolution analysis of
blood has revealed that T cells with tissue signatures are detectable in circulation. For example, circulating
forms of Tth cells (resident in lymphoid follicles) are present in increased frequencies after vaccinations and
can be used for assessing vaccine efficacy (Huber et al., 2020; Koutsakos et al., 2018). During steady state,
T cells with a skin-homing phenotype have been detected in peripheral blood (Klicznik et al., 2019), and a
small fraction of circulating T cells exhibit a transcriptional signature for tissue T cells (Szabo et al., 2019a).
These findings suggest that perturbations in tissue responses may be possible to monitor in blood using
sensitive single-cell technologies.

Innovative systems-based computational approaches to vaccinology have also enabled a more compre-
hensive understanding of the mechanisms that drive protective immunity. For instance, systems vaccinol-
ogy approaches enable high-level analysis of innate and adaptive immune responses to vaccination (Hagan
et al., 2015; Zak et al., 2014). Vaccine responses and efficacy can be further evaluated at the population
level, addressing the challenge of designing vaccines that are effective among a diverse population
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(Koff et al., 2013; Li et al., 2017; Tsang et al., 2014). Combined data from serum analyte profiling, multipa-
rameter cytometry, multiomics technologies, and adaptive immune receptor repertoire profiling identify
shared molecular signatures and biomarkers to predict vaccine responsiveness and immunogenicity (Kaz-
min et al., 2017; Nakaya et al., 2015; Natrajan et al., 2019; Ramos, 2020; Sullivan et al., 2019; Team and Con-
sortium, 2017). By incorporating molecular signatures of tissue responses, systems vaccinology approaches
can inform development and monitoring of vaccines that ensure effective establishment of tissue immunity.

Cancer and Personalized Therapeutics

Understanding the human immune system beyond peripheral blood is essential for developing effective cancer
immunotherapies, particularly therapeutic strategies that successfully target solid tumors. Progress has been
made in defining the tumor-associated T cell populations in terms of their tissue residence and correlation to
prognosis and responses to therapy. Recent studies of tumor infiltrating lymphocytes (TILs) have suggested
that tissue localization is crucial for effective tumor killing. In fact, studies have shown that the expression of
certain chemokines are positively correlated with the abundance of TILs and with postoperative survival in mel-
anoma and colorectal cancer (Kistner et al., 2017; Martinet et al., 2012). In addition, TILs expressing Tgm marker
CD103 have been shown to be enriched in tumor tissue, particularly in cancers of epithelial origin, and often
correlate with improved patient survival (Boddupalli et al., 2016; Djenidi et al., 2015; Edwards et al., 2018; Kom-
deur et al., 2017; Smazynski and Webb, 2018; Wang et al., 2016; Webb et al., 2015).

Inrecent years, adoptive T cell therapy has emerged as a promising option for treating malignancies. Among the
various forms of adoptive T cell therapy, TCR-engineered T (TCR-T) cell therapy and chimeric antigen receptor T
(CAR-T) cell therapy are two precision medicine strategies that use genetically modified T cells to treat cancers
based on tumor antigen specificity (June, 2007; Kershaw et al., 2013). CAR-T cells, genetically engineered T cells
that express an antigen-recognition domain and costimulatory signaling molecules, have proven remarkably
successful in the treatment of hematological malignancies, especially when paired with checkpoint blockade
(June and Sadelain, 2018; Kalos et al., 2011; Porter et al., 2011). However, their success in targeting solid tumors
has been limited (Martinez and Moon, 2019; Newick et al., 2017). One major barrier to treatment efficacy is un-
derstanding how to target CAR-T cells to the affected tissue and maintain them there for elimination of tumor
cells. This process requires identification of the homing receptors and residency markers that control tissue-spe-
cific trafficking and retention. Thus, understanding the role of unique tissue environments in determining human
immune response is essential for designing cancer immunotherapies that can effectively reach target tissues and
treat solid tumors.

An alternative to CAR-T cell therapy is TCR-T cell therapy, which has been shown to display greater sensitivity
than CAR-T cell therapy, enabling more rapid destruction of tumor cells, as well as improved solid tumor pene-
tration (Garber, 2018). TCR sequencing techniques have been crucial for understanding the immune landscape
of tumors, as well as identifying TCR candidates for personalized precision immunotherapy. In particular, high-
throughput paired sequencing of bulk DNA (pairSEQ) has enabled more rapid identification of TCR o and B
chain sequences of T cells that recognize antigens unique to an individual tumor, which can then be used to en-
gineer TCR-T cells (Howie et al., 2015; Pasetto et al., 2016; Ping et al., 2018).

Unfortunately, for both CAR-T cell and TCR-T cell therapy, a devastating consequence of unsuccessful clin-
ical trials has been off-target effects in triggering inflammation at remote tissue sites such as the skin, gut,
and pancreas (Kunert et al., 2013; Lamers et al., 2006; Linette et al., 2013; Morgan et al., 2013; Morgan et al.,
2010; Parkhurst et al., 2011; van den Berg et al., 2015). Such inflammation may in part be due to the com-
bination of adoptive T cell therapy and immune checkpoint inhibitor therapy. Because Tgy express PD-1
during homeostasis and maintenance in tissues, anti-PD-1 therapy can potentially disrupt endogenous tis-
sue T cell homeostasis (Weisberg et al., 2019). Given the crucial requirements for ensuring engineered
T cells traffic not only to tissues but also to specific tumor tissue, approaching human immunology from
a whole-body, system-based perspective is essential to facilitating more targeted strategies to enhance
the efficacy and tissue specificity of engineered T cells for optimal anti-tumor responses.

CONCLUSIONS AND FUTURE DIRECTIONS

The human immune system is a unique cellular network that spans the entire human body. Diverse and dy-
namic populations of specialized immune cells migrate within and across tissues to provide immune pro-
tection against infection and malignancy while ensuring tissue homeostasis. Studies of human tissues dis-
cussed in this review have highlighted the importance of tissue localization in determining the
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characteristics of immune cell interactions and functions. Integrating of systems biology approaches has
shed light on the vast complexities and intricacies of the human immune system, providing new insights
on immune heterogeneity, development, and function previously unexplored. As the field of systems
immunology grows and progresses, one of the major challenges is consistency: with new technologies
and computational methods emerging daily, it is crucial to develop principles of best practice when it
comes to (1) how to analyze datasets such that results are reproducible when using different analysis pipe-
lines, (2) how to define immune cell types and subtypes, and (3) how to integrate new insights into a growing
framework of human immunology. In addition, as we amass large datasets, such information can be used to
determine how age, sex, and race/ethnicity may influence immune responses, which is important for the
development of personalized therapeutics and vaccine strategies. Although tremendous efforts have
already been made in building a comprehensive systems-based perspective of the human immune system,
advancements in single-cell profiling technologies, adaptive immune cell repertoire analysis, and compu-
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tational strategies continue to pave new paths of discovery in the field of human immunology.
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