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OPEN ACCESS The liver is an essential organ that is critical for the removal of toxins, the production of
proteins, and the maintenance of metabolic homeostasis. Behind each liver functional unit,
termed lobules, hides a heterogeneous, complex, and well-orchestrated system. Despite
parenchymal cells being most commonly associated with the liver’s primary functionality, it
has become clear that it is the immune niche of the liver that plays a central role in maintain-
ing both local and systemic homeostasis by propagating hepatic inflammation and orches-
trating its resolution. As such, the immunological processes that are at play in healthy and
diseased livers are being investigated thoroughly in order to understand the underpinnings
of inflammation and the potential avenues for restoring homeostasis. This review highlights
recent advances in our understanding of the immune niche of the liver and provides perspec-
tives for how the implementation of new transcriptomic, multimodal, and spatial technolo-
gies can uncover the heterogeneity, plasticity, and location of hepatic immune populations.
Findings from these technologies will further our understanding of liver biology and create
a new framework for the identification of therapeutic targets.

Background

The liver is the largest solid organ in the body and is responsible for performing several crucial biological
functions such as metabolism, detoxification, and protein production [1]. Interestingly, the liver is also
highly immune active [2] due to its function as a systemic barrier to gut-draining pathogens and toxins, §
in addition to its role in maintaining a local immunoregulatory environment that promotes tolerance to
frequently encountered antigens. The liver’s tolerogenic and immune-rich environment promotes local
and systemic homeostasis, in addition to enabling the potential for hepatic regeneration. However, liver
homeostasis can be disrupted by viral infections, drug and alcohol-induced liver injury, and autoimmu-
nity. Chronic liver diseases leading to organ failure account for approximately 2 million global deaths
annually [3]. The liver contains cells of the adaptive and innate immune systems that are recruited dur-
ing both homeostasis and disease, however, much remains unknown about the individual and synergistic
roles of immune cells in both the etiology and the combating of disease. To understand and treat hepatic
diseases, we need to better grasp the constitution and function of the repertoire of cells that compose the
organ, in addition to identifying their forms of communication, maintenance, plasticity, and origin. Using
advanced tools to decipher the complex and highly regulated network that modulates the hepatic immune
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Figure 1. Inmunological players in the liver

The liver lobule, the functional unit of the organ, is composed of a portal triad, a capillary network lined by hepatocytes, and
a central vein. Zone 1 represents the periportal region, consisting of the portal triad that is made up of the hepatic artery, the
hepatic portal vein, and the bile duct. Zone 2 represents the interzonal region, and Zone 3 consists of the pericentral region.
The cellular composition of the liver can be categorized as parenchymal cells (hepatocytes) and non-parenchymal cells, including
cholangiocytes, hepatic stellate cells, endothelial cells, and immune cells. Almost all types of immune cells can be found in the
liver tissue. These immune cells include phagocytes (macrophages, DCs, and neutrophils) and lymphocytes (innate lymphoid cells,
T cells, and B cells). Many of these populations currently lack confirmation and consensus regarding their location and definitive
frequencies in the liver, thus most of their distribution remains speculative. Abbreviations: DC, dendritic cell; ILC, innate lymphoid
cell (type 1, 2, and 3); MAIT, mucosal associated invariant T cell; NK cell, natural killer cell; NKT, natural killer T cell; Th1, type 1
helper T cell; Th2, type 2 helper T cell; Th17, type 17 helper T cell; Th22, type 22 helper T cell; Treg, regulatory T cell.

The liver

The functional unit of the liver, termed the hepatic lobule, is composed of parenchymal cells (hepatocytes) and cholan-
giocytes, lined with liver sinusoidal endothelial cells (LSECs). These hexagonal lobules contain liver sinusoids that
extend from the central vein at the center of the lobule to the portal triads distributed at its vertices, which consist
of branches of the hepatic artery, portal vein, and bile duct (Figure 1). With approximately 75% of its blood supplied
by the portal vein, the liver is continuously exposed to gut-derived molecules, including pathogens, commensals,
and food antigens. Sinusoidal capillaries significantly slow down the blood in the liver, subsequently contributing to
effective immunosurveillance and the clearance of toxic metabolites from the blood [4]. Hepatocytes and cholangio-
cytes perform many of the classical liver functions and rely on non-parenchymal cells, such as LSECs, hepatic stellate
cells (HSCs) and liver-resident immune cells, to help maintain a quiescent state [5-7] in response to persistent ex-
posure to damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs).
More recently, particular attention has been paid to the role that the hepatic immune niche has in liver homeostasis,
inflammation and regeneration, and how new omics technologies can help uncover this interplay, a topic which is
the main focus of this review. Figure 1 summarizes the types of immune cells that have been described in the human
liver and the putative locations of these cells in reference to the hepatic sinusoid. Despite the significant advances in
our understanding of the liver, studies have only just begun to tease out the distinct contributions and unique phe-
notypes of different liver-resident parenchymal and non-parenchymal cells. It is important to note that the presence
and frequencies of these cell types of interest can vary across experiments as a result of inherent technological biases,
differences in tissue processing protocols and bioinformatics pipelines.
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The liver performs a vast number of functions, including protein synthesis, glucose and lipid metabolism (gluco-
neogenesis, glycogen storage, lipogenesis, fatty acid b-oxidation, and lipoprotein metabolism), detoxification, and bile
production [1]. Subsequent metabolic products can directly or indirectly engage immunological signaling pathways
and contribute to local responses, including function, proliferation, migration, and survival [8]. Hepatic functional-
ity is intrinsically connected to microbial exposure, oxygen tension and nutrient supply, which varies as a gradient
along the sinusoid, and contributes to the cellular heterogeneity observed in the liver. Hepatocytes, for example, are
commonly segregated into three zones within the hepatic lobule. Hepatocytes close to the portal triad region (Zone
1, Z1, periportal) are the first to interact with gut-derived toxins and microbes, in addition to having access to blood
enriched in nutrients and oxygen, and are marked by increased gluconeogenesis and (3-oxidation [9]. However, cells
close to the central vein areas (Zone 3, Z3, pericentral) are exposed to lower concentrations of nutrients and oxy-
gen and are subsequently associated with detoxification, enhanced glycolysis, and lipogenesis [9]. As expected, the
gradient of oxygen and nutrients is reflected in gene expression, with Z1 being enriched in genes that reflect innate
inflammatory responses [10]. Not surprisingly, enzymes participating in metabolic processes, also follow a zonation
pattern [9]. This metabolic subspecialization featured by the hepatic lobules has two main implications in the char-
acterization of the cellular landscape of the liver, namely that (1) different cell populations that share similar gene
expression signatures and pathways can work in collaboration; in addition to the fact that (2) cell populations can ex-
hibit transcriptional heterogeneity depending on their position within the hepatic lobule. As expected, immune cells
are an additional layer of complexity that shape the functional and transcriptional heterogeneity of the parenchyma
within the liver. A clear understanding of immune cell identity, function, and zonation in hepatic health and disease is
required to truly decipher the liver’s complexity as an immune organ and to harness hepatic immune cells to promote
homeostasis and regeneration.

The hepatic immune microenvironment

The liver is enriched with cells of the innate and adaptive immune systems that maintain tolerance in a homeostatic
state and can mediate inflammation and hepatic injury in disease (Figure 1). Adaptive immune cells that are found
in the liver include T cells, such as regulatory T cells (Tregs), cytotoxic T lymphocytes (CTLs) and Type 1, 2, 17 and
22 helper T cells (T}, 1, T12, Th17, and Ty22) [11-13], in addition to B cell and plasma cell populations. Tregs play
a critical role in hepatic tolerance, with the expression of a range of immunoregulatory markers such as cytotoxic T
lymphocyte-associated protein 4 (CTLA-4), CD39, and lymphocyte-activation gene 3 (LAG-3). Tregs secrete IL-10
[14] which is a central mediator of the tolerogenic hepatic environment, due to its anti-inflammatory properties
and role in limiting immunopathogenesis [15], in addition to being expressed and recognized by many immune and
non-immune cells in the liver [16]. Hepatic Tregs also work in synergy with hepatic innate immune cells, such as
liver-resident macrophages, known as Kupffer cells (KCs), to promote a local suppressive niche that prevents the
development of murine CTL responses [17]. Hepatocytes and LSECs also contribute to the regulation of CTLs, by
inducing clonal anergy or the deletion of effector T cells in the liver [18-22].

Cells of the innate immune system that are known to be liver-resident are KCs, natural killer (NK) cells, invariant
NKT (iNKT) cells, mucosal-associated invariant T (MAIT) cells [23,24], dendritic cells (DCs), Y0 T cells, and innate
lymphoid cells (ILCs) [25-27]. Despite the fact that hepatic innate cells are educated in a tolerogenic environment
during homeostasis, they participate in the clearance of commonly encountered PAMPs and DAMPs [28-31]. For ex-
ample, KCs play a central role in maintaining liver homeostasis via phagocytosis, the clearance of dead and senescent
cells, and tissue repair [2,6,32-36]. In mice, KCs also produce immunosuppressive metabolites such as prostaglandin
E2 (PGE2) and IL-10 [37-39], besides expressing V-set and Ig domain-containing 4 (VSIG4) associated with the
induction of tolerance in T and NKT cells [39]. Additionally, in murine models, IL-10 up-regulates programmed
death ligand 1 (PD-L1) expression on KCs, which then provides an inhibitory signal to T cells and favors the de-
velopment of Tregs, further sustaining an IL-10-enriched environment [38,40]. A hepatic environment enriched in
macrophage colony-stimulating factor (M-CSF) and hepatocyte growth factor (HGF) favors the development of reg-
ulatory DCs (IL-107IL-127), further contributing to an anti-inflammatory murine liver [41,42]. Hepatic DCs exhibit
a tolerogenic profile in mice, with the expression of PGE2, the up-regulation of indoleamine dioxygenase (IDO),
IL-10, nucleotide-binding oligomerization domain-containing protein 2 (NOD2), and PD-L1 [43,44], in addition
to the low expression of major histocompatibility complex (MHC) II and costimulatory molecules [43,45]. Human
liver-resident NK cells (IrNK) hold an immature phenotype with low levels of pro-inflammatory cytokines and cy-
totoxic mediators in agreement with the tolerogenic environment of the liver [46]. Human IrNK cells can respond
to increased interferon (IFN)-« (IFN-x) by up-regulating tumor necrosis factor (ITNF)-related apoptosis-inducing
ligand (TRAIL), Fas-L and NKG2D, leading to hepatocyte and T cell death [47,48]. Type 1 ILCs (ILC1) contribute
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to the hepatic immunoregulatory environment in mice through the expression of PD-1 and LAG-3, in addition to
various other inhibitory receptors [49]. Meanwhile, type 2 ILCs (ILC2) in the murine liver display an immature and
naive phenotype during homeostasis [50].

The cross-talk established between parenchymal and non-parenchymal hepatic cells is critical in producing a uni-
fied chain of command towards tolerance. Hepatocytes, cholangiocytes, LSECs, and HSCs contribute to hepatic im-
munological responses through various means, such as by secreting immunomodulatory signals, such as IL-10, trans-
forming growth factor 3 (TGF-{3), HGE and HSC-derived retinoic acid (RA) in recognition of DAMPs and PAMPs
[1,6,7,26,51-58]. LSECs and HSCs promote a tolerogenic hepatic environment through the secretion of IL-10, TGF-f3
and RA, in addition to the up-regulation of coinhibitory molecules in mice [7,19,52,59-63]. LSECs also exhibit potent
endocytic capacity, antigen presentation, and the ability to up-regulate chemokine expression in a pro-inflammatory
environment, subsequently contributing to leukocyte recruitment to the human liver [6]. It is quite evident that the
liver does most of the heavylifting by actively participating in the removal of toxins and pathogens from circulation.
This can be demonstrated by the non-inflammatory manner in which the concentration of LPS is significantly re-
duced between the portal blood and the peripheral venous blood [64,65]. Figure 2A,B summarizes the contributions
of parenchymal and non-parenchymal cells in the induction and maintenance of liver homeostasis regarding both
the immunoregulatory (Figure 2A) and pro-inflammatory (Figure 2B) processes. The nature of liver functionality
requires an immunoregulatory and anti-inflammatory environment mediated by a complex network of interactions
between hepatic tissue (hepatocytes, LSECs, HSCs, and cholangiocytes) and the immune niche of the liver (KCs, DCs,
T cells, ILCs, and NKTs).

Hepatic immunity during inflammation

Through the promotion of a regulatory milieu, the liver avoids the collateral damage that an inappropriate inflam-
matory response can induce in solid organs. However, when the liver’s ability to successfully clear the commonly
encountered antigens is surpassed, such as in the case of improperly metabolizing toxins or eliminating pathogens,
it can break this tolerance and lead to liver inflammation. In such situations, liver-resident cells secrete factors to
recruit circulating immune cells as part of the inflammatory response. Both parenchymal and non-parenchymal cells
are able to act as professional antigen-presenting cells (APCs) by expressing immunological receptors such as scav-
enger receptors, Toll-like receptors (TLRs) and MHC class I and II, as well as non-classical MHC proteins contributing
to an immunogenic state [1,6,26,51,54-56,58,66,67]. The mechanisms involved in triggering inflammation can vary
according to the threat faced. Injured hepatocytes respond by secreting high mobility group protein B1 (HMGB1)
and interleukin (IL) 33 (IL-33), as well as being critical for neutrophil recruitment to the murine liver [68]. IL-33
also stimulates hepatic ILC2 activation and proliferation in mice, in addition to up-regulating KLRG1 and CD25,
and promoting the secretion of inflammatory cytokines, IL-5 and IL-13 [50]. Neutrophil infiltration aggravates lo-
cal inflammatory processes due to their secretion of cytotoxic reactive oxygen and nitrogen species, IL-1(3 and TNF
[69]. Neutrophils also up-regulate the expression of adhesion molecules, such as intercellular adhesion molecule-1
(ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1), in addition to promoting the release of chemokines
[69-71]. Necrotic cells also release extracellular DNA and ATP, which can trigger TLR9, in addition to the NOD,
LRR-, and pyrin domain-containing protein 3 (NLPR3) inflammasome complex in hepatic macrophages to induce a
pro-inflammatory response [72,73]. In response to tumor-transformed or virally infected cells, the presence of IL-12
and IL-18 contributes to the activation of NK cells, which ultimately promotes the production of IFN-y and perforin
[74,75]. IL-17A/F and IL-22 secretion by murine hepatic ILC3s has been shown to be critical in the combatting of
hepatic viral infections, given its role in priming T cells and promoting antimicrobial peptide production [76,77]. A
pro-inflammatory environment within the liver can lead to the suppression of PD-L1 and the subsequent shift of T
cells towards a Ty, 1 response [22]. Although the cellular microenvironment in the liver is tolerant to low levels of LPS
[18], high levels of LPS can activate macrophages and HSCs, leading to the up-regulation of adhesion molecules, such
as ICAM-1, as well as pro-inflammatory cytokines and chemokines [78].

Resolution of hepatic inflammation

After an inflammatory response, the liver initiates self-rescue mechanisms to limit tissue damage, such as through
the phagocytosis of apoptotic bodies [79-81], autophagy [81-84], and an increased frequency of intrahepatic Tregs
[85,86]. Resident macrophages contribute to this compensatory anti-inflammatory response by increasing the ex-
pression of PD-L1, reducing the levels of costimulatory molecules, and favoring the development of Tregs [87]. Im-
portantly, liver-resident macrophages that originate from the yolk sac and fetal liver monocytes [88-91] are capa-
ble of self-renewal within the human liver [92]. However, in extraordinary circumstances, circulating monocytes
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Figure 2. Inmune niche of the liver at homeostasis

Depiction of the pro-inflammatory and anti-inflammatory processes involved in the maintenance of a homeostatic environment
in the liver. (A) Promotion of a tolerogenic and immunoregulatory hepatic environment. Hepatocytes, HSCs, LSECs, and
cholangiocytes express PRRs to detect PAMPs and DAMPs in the liver, which in turn promote the up-regulation and release of
immunomodulatory molecules, in addition to promoting the expression of PD-L1, and the release of IL-10 and PGE2 from innate
immune cells (KCs and DCs). The immunoregulatory environment induces ILCs, T cells, and NKT cells to adopt a tolerogenic phe-
notype to further promote an anti-inflammatory environment. (B) Promotion of hepatic inflammation. Injured parenchymal cells
secrete DAMPs and alarmins that contribute to the recruitment of circulating immune cells. DAMPs can trigger TLR9 and the NLRP3
inflammasome complex in hepatic macrophages to induce a pro-inflammatory response. Infiltrating monocytes further promote the
inflammatory environment and secrete inflammatory cytokines like TNF, IL-13, and IL-18. Recruited neutrophils secrete cytotoxic
reactive oxygen and nitrogen species, IL-13 and TNF. The IL-12- and IL-18-rich environment contributes to the activation of NK
cells, which ultimately promotes the production of IFN-y and perforin. A pro-inflammatory environment within the liver can lead
to PD-L1 suppression and the subsequent shift of T cells towards a Th1 response. Abbreviations: CRIg, complement receptor of
the immunoglobulin superfamily; CTL, cytotoxic lymphocyte; DAMP, danger-associated molecular pattern; HMGB1, high mobility
group box protein 1; ILC, innate lymphoid cell (type 1, 2, and 3); IL, interleukin; MARCO, macrophage receptor with collagenous
structure; NKT, natural killer T cell; NLRP3, NOD-, LRR-, and pyrin domain-containing protein 3; PD-L1, programmed death-ligand
1; RNS, reactive nitrogen species; ROS, reactive oxygen species; TCR, T-cell receptor; TLR9, toll-like receptor 9.
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have been shown in mice to engraft and replace typical liver-resident macrophages [93]. In the murine spleen, these
monocyte-derived macrophages appear to originate from the myeloid progenitor committed to the macrophage/DC
precursors (CX3CR1"MDC) [94,95]. In later stages of murine fibrosis resolution, partially induced by phagocyto-
sis [96], the monocyte-derived macrophages can undergo a phenotypic switch from profibrotic (CD11b" F4/80™"
Ly-6Ch) to scar-resolving (CD11b" F4/80™ Ly-6C°), as characterized by higher matrix metallopeptidases (MMP9,
MMP12, MMP13) that clear additional extracellular matrix (ECM) [97]. This phenomenon has also been observed
in other tissues, such as in murine muscle tissue [98], skin [99], and human lungs [100]. Recent work has high-
lighted the role of the immune microenvironment in directing either tissue repair or fibrosis [101-103]. For instance,
distinct cues from the murine skeletal muscle microenvironment, such as IL-4 or IL-17, can favor macrophage polar-
ization into clusters that are able to coordinate immune cells to be more pro-regenerative or pro-fibrotic, respectively
[102]. Secretion of IL-6 by KCs in the liver is recognized as a potent hepatocyte mitogen that promotes hepatocyte
proliferation and contributes to liver regeneration [104]. Additionally, Wnt signaling, HGF, epidermal growth factor
(EGF), TGF-f3, and nitric oxide synthase have also been shown to play a key role in liver regeneration [105-109].
Further understanding of how environmental cues prompt cells to phenotypically and transcriptionally replace lost
or compromised liver-resident cells can contribute to the design of novel therapeutic approaches. However, certain
pathological conditions, such as those associated with chronic inflammation, can impair the liver’s ability to restore
homeostasis and repair the tissue, ultimately leading to the development of end-stage liver diseases. Immunolog-
ical mechanisms involved in liver diseases, such as cholestatic disease, viral hepatitis, non-alcoholic steatohepatitis
(NASH), are reviewed by Heymann and Tacke [87]. Overall, it is evident that the tolerogenic environment maintained
in the liver at homeostasis is a result of a complex web of interactions between parenchymal and non-parenchymal
liver-resident cells that lead to the promotion of immunoregulatory immune cell phenotypes, and the expression of
immunomodulatory cytokines, chemokines, and proteins. In circumstances where this balance is overthrown, a dra-
matic shift in the hepatic immune microenvironment occurs, wherein secreted cytokines and immune cells adopt
a more pro-inflammatory phenotype, in an attempt to clear the aggravating pathogen or toxin. It is essential that
this inflammation is controlled in a timely and effective manner because if not, the liver can be subject to a cycle of
chronic inflammation, fibrosis, and scarring that incurs irreparable damage and increased risk of disease and cancer
development [110].

Immune cell zonation in the liver

As mentioned above, the division of labor in the liver is highly zonated, and as such, the location of immune cells
that support these functions within the liver is equally as important. It is accepted that immune cell localization
is determined by interactions between surface receptors and the gradients of their chemokine ligands, in addition
to adhesion molecule expression throughout the liver, such as C-C chemokine receptor type 6 (CCR6) binding to
chemokine (C-C motif) ligand 20 (CCL20, also known as macrophage inflammatory protein 3, MIP-3a) and C-X-C
chemokine receptor type 6 (CXCR6) binding to CXCL16 [111-114]. A recent study implicated pericellular matrix
composition in the formation of hepatic chemokine gradients that subsequently influence myeloid and lymphoid cell
localization [115]. This study also highlighted the importance of commensal bacteria in the stimulation of myeloid
differentiation primary response 88 (MYD88) in LSECs, which promotes the enrichment of KCs and iNKT cells in
the periportal region [115]. However, tissue-resident macrophages have been identified throughout the hepatic sinu-
soid [116-118] with macrophages in the periportal regions of the liver being more phagocytic and immunoregulatory,
while macrophages in the central venous regions being more inflammatory [119,120]. Resident memory T (Trm) cells
are documented to reside at non-liver sites that are prone to microbial re-exposure, however, the exact locations of
Trm subsets within the liver are yet to be identified [121]. Interestingly, CD8" Trm cells in the murine liver have been
observed to occupy the vasculature compartments, as a means of participating in hepatic immunosurveillance [13].
Similarly, little is known about the definitive localization and role of B cells in healthy and diseased livers, although
their presence is well-documented in humans [119,122] and mice [123]. However, CD20" B cells have been shown
to localize within hepatic sinusoids close to the portal tracts, while plasma cells were located in the connective tissue
surrounding the portal tracts in humans [124]. DCs are thought to be located in the subcapsular region of the liver,
between hepatocytes and concentrated in the periportal areas [125,126]. Liver-resident CD49a* ILCls are the major
ILC subset found in the liver at homeostasis, and are found to reside close to DCs in the perivascular regions encom-
passing the portal triad in mice [127], but have yet to be examined in humans. Chemotactic stimuli, such as MIP-1a,
RANTES and CXCL16 can direct the recruitment of IrNK cells (CD56"") to hepatic sinusoidal spaces [128]. iNKT
cells can patrol the murine liver sinusoids until inflammatory signals trigger them to stop [129,130]. The full spec-
trum of the subsets encompassed within these cell populations, in addition to their frequencies, position, phenotype,
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and function warrant further investigation. As described later, novel approaches are being developed to allow for
thorough investigations of hepatic immune cell profiling, in order to provide a more accurate description of the land-
scape of the liver. Further understanding of the cellular and molecular bases of the healthy liver, in reference to the
regulation of cell phenotype, function, reprogramming and self-renewal, by the hepatic immune microenvironment,
will enable the design of novel therapeutic strategies against unmet liver diseases.

Single-cell profiling of the immune niche of the liver

Single-cell technologies have been rapidly expanding to uncover the cellular identity and spatial organization of im-
mune and non-immune cells within organ tissues [131]. Nevertheless, several key questions concerning the localiza-
tion, interactions, and identities of immune cells in the liver remain unanswered in the context of homeostasis and
disease development. Spatial profiling, in its many forms, has contributed significantly to the elucidation of spatial
hepatocyte heterogeneity, liver zonation [132], and murine lymphocyte migration [133,134]. Nevertheless, spatial
profiling of the lymphoid and myeloid populations in the liver has been a significant challenge due to their lower
frequencies and smaller cell size in comparison to parenchymal cells and non-immune non-parenchymal cells. Be-
low, we briefly describe various transcriptomic, multimodal, and spatial profiling technologies that are guiding the
continuing exploration of liver immunology regarding the identification, localization, and development of hepatic
immune populations. These technologies can be divided into three categories, those that require prior enzymatic
or detergent-based tissue dissociation (single-cell (scRNA-seq) and single-nucleus RNA sequencing (snRNA-seq),
single-cell ATAC sequencing, multimodal technologies and flow and mass cytometry), those that are conducted on
tissue-mounted slides (immunohistochemistry (IHC), single-molecule fluorescent in situ hybridization, laser capture
microdissection (LCM), spatial transcriptomics, and imaging mass cytometry (IMC)), and those that are performed
on a live animal (intravital live imaging). Figure 3 summarizes key single-cell-omics technologies, in addition to their
current and potential applications within the context of the liver. A complete and comprehensive understanding of
the cellular landscape of the immune niche of the liver will help identify immune signals that promote tolerance in
the liver which could lead to new targets to allow for hepatic reprogramming towards homeostasis.

Flow cytometry and mass cytometry

Flow cytometry and fluorescence-activated cell sorting (FACS)-based approaches are effective and reliable tools to ex-
plore the immune microenvironment of the liver. As reviewed previously [135], this technology provides the ability to
simultaneously analyze heterogeneous cell populations for multiple protein surface and intracellular markers. Char-
acterizing and functionally validating rare populations in the liver is made possible through FACS, which enriches
for populations identified by defined surface markers. Flow-based cell enrichment can complement characterization
by additional technologies, such as single-cell RNA sequencing (scRNA-seq; discussed below) [136]. A challenge
to FACS-based approaches is the tradeoff between maximizing the number of markers investigated, the subsequent
number of fluorophores used, and avoiding the problem of spectral overlap. As solutions are being developed to solve
this problem, mass cytometry has been a promising option that combines traditional flow cytometry practices and
time-of-flight (TOF) mass spectrometry [137]. In mass cytometry, metal ions are conjugated to antibodies as opposed
to fluorophores, therefore the challenges of cellular autofluorescence signals and spectral overlap are not encountered.
However, given that the sample is destroyed during the process, sorting is not an option in mass cytometry. Addition-
ally, as a result of forward and side scatters not being measured in mass cytometry, the removal of debris and dead
cells is not as easy as in traditional methods, however, barcoding has been employed to ameliorate this [138]. In the
context of the liver, mass cytometry has helped us uncover the immunological shifts within CD8" T cells in NASH
and ILCs in human hepatocellular carcinoma (HCC) [139]. It is expected that mass cytometry, with spatial informa-
tion incorporated in the form of IMC, as discussed later, will further expand our understanding of the immunological
composition of the liver.

scRNA-seq

scRNA-seq (reviewed in Chen et al. [140]) is an unbiased approach which can be applied to describe the transcrip-
tional landscape of tissues by profiling the genes expressed by individual cells resident in the organ. MacParland et al.
[119] used a gentle liver cell dissociation protocol in combination with scRNA-seq and identified 20 discrete cell pop-
ulations including immune and non-immune cells [119], corroborating the presumed heterogeneity of intrahepatic
cell populations [29,141,142]. Importantly, this work revealed two subtypes of macrophages with inflammatory and
non-inflammatory properties characterized by distinct markers. One of the non-inflammatory markers, macrophage
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Figure 3. Novel technologies in the characterization of the cellular composition of the liver

The cellular heterogeneity of liver tissue can be deciphered as single cells (top) or whole tissue (bottom). (Top) Single-cell tech-
nologies transcriptomically categorize the sample at a single-cell level (scRNA-seq) and can be further enhanced by sorting nuclei
instead of cells (snRNA-seq) or adding oligonucleotide-labeled antibodies to target surface antigens (CITE-seq). (Bottom) In spatial
transcriptomics, freshly frozen tissue is attached to a chip, whose barcodes contain location information on a grid. Thus, mRNA
transcripts released from the tissue after permeabilization can be traced back to its grid location, and therefore, the approximate
location of the tissue. Abbreviation: CITE-seq, cellular indexing of transcriptomes and epitopes by sequencing.

receptor with collagenous structure (MARCO), allowed for further investigation of the subset’s immunological func-
tion and distribution in the liver via flow cytometry and IHC, respectively [119]. In a recent study exploring acute
liver failure (ALF), Kolodziejczyk et al. [143] used scRNA-seq to highlight the activation of KCs, LSECs and HSCs
during the progression of ALF, in addition to elucidating the potential upstream pro-inflammatory roles of MYC and
the microbiome [143]. However, despite the significant insight and information that scRNA-seq provides on the liver,
there are caveats to its usage that must be considered. For example, it is important to note that preparing samples
for scRNA-seq and flow cytometry requires a certain degree of tissue dissociation and the isolation of single cells,
subsequently resulting in the loss of the spatial context. Additionally, transcriptomics profiling alone is not able to
fully distinguish between certain immune cell populations because environmental cues can influence different cell
populations to possess similar transcriptional identities. For example, T and B cells are central players in adaptive
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immunity and the promotion of local tolerogenicity, but their identity within the liver is not well described. Profil-
ing T-cell receptors (TCRs) and B-cell receptors (BCRs) through V(D)] sequencing (reviewed in Minervina et al.
[144]), can be employed to define various subtypes of lymphocytes with distinct roles in homeostasis and disease.
For instance, MAIT cells are a subset of T cells with an &3 TCR characterized by a semi-invariant TCR« chain. TCR
clonotyping allows for the examination of the frequency and transcriptional identity of these invariant T cells, given
that they can be identified by the expression of known semi-invariant TCRs (TRAV1-2/TRAJ12/20/3). Recently, TCR
clonotyping has been used to investigate the relationship between T-cell activation and TCR sequence in the breast tu-
mor microenvironment [145], in addition to discerning recombination bias during T cell development in the thymus
[146], and the signatures that predict responses to anti-PDL1 therapy [147]. BCR clonotyping of HIV-infected indi-
viduals has been used to predict antigen specificity and to develop effective broadly neutralizing antibodies [148]. As
scRNA-seq broadens its application to various tissues, an extensive TCR and BCR clonotyping of the liver will further
characterize the tissue-resident T- and B-cell populations, as well as their infiltrating counterparts in hepatic disease
states.

snRNA-seq

Despite scRNA-seq providing an unbiased approach to transcriptomically profile a sample, it has some intrinsic
caveats. Since dissociation is required for this method, variations in this step can lead to dramatic differences in
transcriptional stress responses, thereby introducing batch effects [149]. In order to overcome this obstacle, various
nucleus-centric approaches of scRNA-seq such as sNuc-seq [150], Div-seq [150], and DroNC-seq [151] have been
developed. These methods, referred to as snRNA-seq in this review, utilize droplet fluidics to isolate the nuclei from
the sample prior to high-throughput sorting. By avoiding the need to dissociate the cells, as one would in scRNA-seq,
snRNA-seq reduces dissociation bias, minimizes stress responses, and increases compatibility with frozen samples.
For studies of the human liver, this reduced dissociation bias is especially important when comparing data from
healthy and diseased samples, as some diseased cells may be more challenging to dissociate due to the presence of
tibrosis. However, the lack of representation from cytoplasmic RNA is a major caveat to consider when employing
snRNA-seq. An additional consideration is the fact that rare hepatic immune populations may not be sufficiently and
accurately represented in snRNA-seq maps, as these maps will efficiently capture hepatocytes, at the cost of producing
a less-enriched immune cell profile [152]. Therefore, while scRNA-seq allows for TCR clonotyping to further pass
through TCR-possessing populations with similar transcriptional states, snRNA-seq excels in capturing the entirety of
the single-cell map of the liver, given that hepatocytes comprise 80% of the liver by volume [153], which subsequently
prevents the capturing and subclustering of immune cell populations [152]. However, in a similar manner to cell
hashing in scRNA-seq, nucleus hashing has been introduced to snRNA-seq without influencing the recovered pro-
tiles of human brain cortex samples [154]. As a result of lowered batch effects and bias, snRNA-seq renders large-scale
screening and longitudinal studies feasible without compromising the resolution of single-cell technologies [155].

Assay for transposase-accessible chromatin using sequencing:

chromatin accessibility

In addition to reducing batch effects, single-nuclei technology allows for the enhanced investigation of chromatin
accessibility, which is an important regulator of gene expression. Profiling chromatin accessibility has been a contin-
uing endeavor, as it deepens our understanding of the functional and regulatory networks of cell populations [156].
The intersection between epigenetics and immunology has especially garnered interest in the quest to understand
dysregulation-associated disease and defense against pathogens [157,158]. Assay for Transposase-Accessible Chro-
matin using sequencing (ATAC-seq) is a technique that utilizes a mutated hyperactive Tn5 transposase to mark open
chromatin regions by inserting DNA sequence adaptors, a process termed tagmentation [159,160]. After tagmen-
tation, the number of reads is translated into chromatin openness. The application of ATAC-seq to explore liver
regeneration [161], liver disease [162] and HCC [163] in mice, has uncovered key differentially expressed genes and
transcription factors (TFs) that may possess therapeutic potential. Recently, the ATAC-seq protocol has been modified
to measure chromatin accessibility at a single-cell level by sorting single nuclei [164]. This version of ATAC-seq, re-
ferred to as single-cell Assay for Transposase-Accessible Chromatin using sequencing (scATAC-seq), has been used to
study the T-cell regulatory network [165-167], liver regeneration [168], and tumor heterogeneity [169]. scATAC-seq
continues to be a tool utilized for the profiling of chromatin accessibility across mammalian tissues [170], and holds
significant potential to define the epigenetic landscape of the human liver, in the context of homeostasis, trained
immunity, cancer, and other hepatic diseases.
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Multimodal technologies

Next-generation multimodal approaches allow for in-depth investigations of tissues, wherein single cells can be de-
fined in a range of forms, such as in terms of their proteome, transcriptome, epigenome, and metabolome. Profiling
single cells through multiple means allows for the construction of a more complete understanding of the tissue in
question, in addition to shedding light on distinct cell phases, subtypes, and receptor clonotypes. For example, one
of the caveats of ascribing cell identity from gene expression profiles is that RNA expression does not directly trans-
late to cell-surface protein expression, thus impairing the accurate identification of specific cell subtypes. To further
describe complex cell populations, Cellular Indexing of Transcriptomes and Epitopes by Sequencing (CITE-seq) is
able to overcome this limitation by combining immunophenotyping and the high-throughput nature of scRNA-seq
[171]. CITE-seq has been utilized to investigate the immune populations of diseased murine livers [172], healthy and
diseased human colon tissue [173], and tumor-afflicted human lung tissue [174], however, such an exploration of
the human liver, both healthy and diseased, has not yet been undertaken. Moreover, CITE-seq has been shown to be
amenable to modifications aimed at expanding its multiplexing potential, such as in the case of cell hashing [175],
which allows for V(D)] profiling, as well as single-guide RNA (sgRNA) capture for CRISPR screening. This updated
technique, named expanded CRISPR-compatible cellular indexing of transcriptomes and epitopes by sequencing
(ECCITE-seq) (reviewed in Mimitou et al. [176]), demonstrates powerful adaptability to the ongoing evolution of
single-cell technologies while expanding its limits beyond transcript RNAs [176].

Immunohistochemistry (IHC)

A classic method of spatial profiling is IHC, given that it provides a microscopy-mediated visualization of immunos-
tained tissues. Various IHC techniques provide important information about the localization and presence of key
proteins in a tissue, however, they do tend to be limited by the number of markers that can be visualized at once [177].
Additionally, given that the results of IHC are generally difficult to quantify [177,178], it is commonly employed to
validate transcriptomics and proteomics data, in addition to providing spatial context to key expression profiles based
on predetermined landmark genes. Zhang et al. [179] utilized scRNA-seq to investigate the interactions of immune
cells in human HCC, and discovered resident LAMP3* DCs that express PD-L1. Upon validation with multicolor
THC, it was uncovered that PD-L1-expressing LAMP3* DCs were spatially juxtaposed to PD-1-expressing CD4* and
CD8* T cells. LAMP3" DC gene signatures were also strongly associated with that of exhausted T cells, which sug-
gests a potentially dysfunctional relationship between LAMP3* DCsand T cells in HCC [179]. Moreover, IHC has also
been used to uncover the distribution of hepatic macrophage subsets, wherein CD68" MARCO" non-inflammatory
macrophages were more enriched around the periportal region, in contrast with the central venous region [119]. The
continued usage of THC as a method for validating the results of transcriptomics analyses is extremely valuable, given
the insight it provides into the expression and spatial distribution of surface proteins.

Single-molecule fluorescent in situ hybridization: integration of gene

expression with tissue architecture

Single-cell technologies improve on traditional bulk RNA sequencing for their cell-by-cell approach and unbiased
transcriptome-based clustering method without providing spatial context. However, RNA single-molecule fluores-
cent in situ hybridization (smFISH) is a high-throughput technique that detects RNA while preserving spatial infor-
mation and tissue context. By targeting RNAs with fluorescently labeled DNA probes, smFISH visualizes individual
transcripts with high detection efficiency and resolution [180,181]. This has allowed for the exploration of complex
liver architecture, such as in terms of the zonation of hepatocytes and endothelial cells, which in turn alludes to the
spatial distribution of immune cells [123,132]. A recent study conducted by Sharma et al. [182] utilized scRNA-seq
to uncover the similarity between the highly nuanced and immunosuppressed cellular landscapes of the human fe-
tal liver and HCC-afflicted adult livers. Within HCC tissue, two key tumor-associated macrophage (TAM) popula-
tions were identified; CD163" FOLR2* (TAM1) and CD162~ SPP1" (TAM2). smFISH was employed to verify the
scRNA-seq and FACS results, in addition to elucidating that the TAM1 and TAM2 populations were differentially
localized within the tumor. Recently, multiplexed error-robust FISH (MERFISH) has also been developed to expand
the profiling capacity of smFISH to thousands of RNA transcripts [183]. By contextualizing spatial transcriptional
profiles with local tissue heterogeneity, smFISH helps untangle the interactions and organization that make up the
immunological niche of the liver.
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Laser capture microdissection

In order to more accurately explore the transcriptomics and proteomics expression profiles of immune cell types in
healthy and diseased tissues, laser capture microdissection (LCM) can be employed for the isolation of key regions
of interest, and individual cell populations [184]. LCM is ordinarily applied upstream of high-throughput character-
ization techniques and visualization experiments. In contrast with alternative biochemical techniques that sort cell
populations, LCM does not subject the tissues to dissociative or digestive compounds, and thus allows for the isolation
of intact niches and microenvironments for further assessment. However, due to the nature of LCM, it is difficult to
capture cell types in isolation, as they are often captured in mixtures of multiple types of cells. Additionally, improper
tissue preparation and staining protocols may severely reduce the ability to assess DNA, RNA and protein contents
in tissues at the single-cell level [184].

In the context of the liver, LCM is widely used to investigate diseased hepatic tissue, such as in relation to infection
by hepatitis C virus (HCV) [185] and hepatitis B virus (HBV) [186], in addition to HCC, cholangiocarcinoma (CCA)
[116,187], and fibrosis [188]. However, a large proportion of these studies aim to microdissect hepatocytes, endothelial
cells and HSCs, as opposed to immune cells, due to the difficulty of identifying and isolating them in the liver. One
study by Gehring et al. [189] aimed to explore the role of KCs in mediating inflammation in bile duct ligation (BDL)
mice, a common model for obstructive cholestatic injury [189]. They utilized LCM to isolate KCs from murine liver
tissue, and then subjected them to reverse-transcription quantitative PCR (RT-qPCR) and photoimaging. The results
indicated that KC-depleted and IL6-KO BDL mice experienced more severe liver necrosis in comparison to wildtype
BDL mice. Additionally, in vitro stimulated KCs from BDL mice secreted increased levels of IL-6, in comparison
to non-BDL mice. This suggests that KC production of IL-6 in BDL mice is protective against liver necrosis, which
may potentially hold therapeutic potential for cholestatic injury in humans. Therefore, in the exploration of the spatial
context of hepatic cell populations, LCM is particularly useful in the isolation of hepatic immune microenvironments,
functional regions of interest, and diseased tissue, given the high-resolution and the lack of dissociative processes.
Future studies in liver imnmunology may benefit from utilizing LCM to isolate and profile key regions of interest in
healthy and disease hepatic tissue.

Intravital live imaging

Analogous to IHC and smFISH, a major limitation of LCM is the inability for researchers to observe the temporal
nature of gene expression, in addition to that of the spatial dimension. An innovative solution to this problem is the
usage of multiphoton microscopy or confocal laser-scanning intravital live imaging, otherwise known as intravital
microscopy (IVM). Unlike the spatial profiling of tissues ex vivo, intravital imaging also allows for the visualization
of cellular processes in vivo, wherein the complex interactions that make up natural environments remain intact
[190]. Modern developments in IVM have rendered it possible to visualize spatiotemporal changes at the subcellular
level, enabling observations at the resolution of distinct organelles.

Guidotti et al. utilized IVM to elucidate the mechanisms underlying the homing of effector T cells to HBV-infected
murine livers. In contrast with other lymphoid organs, results indicated that CD8" T cell arrival to the liver is mediated
by platelet aggregates that adhere to LSECs in a selectin-independent manner [133]. Through further investigation
via IVM and additional genetic approaches, the authors uncovered the critical role of platelet-expressed CD44 and
sinusoidal hyaluronan in the retention of migrating CD8" effector T cells to the liver [133]. However, intravital live
imaging is limited to its usage in animal models and is therefore restrained in the extent to which it can be applied to
human biology. In addition to this, a key limitation is the number of distinct fluorescent markers that can be visual-
ized at once, given that IVM requires mice to be transgenic in fluorescent proteins located in cell types and tissues of
interest. For example, through the usage of IVM, Wang and Kubes (2015) were able to identify a subset of peritoneal
macrophages that infiltrate the liver upon sterile hepatic injury in mice [191]. To do so, they employed a range of visu-
alization techniques, such as utilizing CX3CR1-GFP/CCR2-RFP reporter mice, in addition to tracking macrophages
and cell damage through F4/80 antibodies and SYTOX green nucleic acid stain, respectively [191]. The authors also
uncovered the critical role of peritoneal macrophages in hepatic tissue reparation, given that the revascularization
and rehabilitation of liver sinusoids were delayed in mice with depleted peritoneal macrophages. When applied to the
investigation of the liver in animal models, IVM can provide significant insight into the trafficking, proliferation, and
interactions of immune cell populations during health and disease.

Spatial transcriptomics
Despite recent advances in RNA-FISH techniques, its multiplexing capability remains limited by the number of fluo-
rophores available and the fact that the approach, by nature, is biased. The introduction of next-generation sequencing
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allows for the unbiased exploration of entire transcriptomes with spatial information. By combining microscopy and
RNA sequencing, Stahl et al. [192] developed in situ spatial transcriptomics, a method that provides transcriptomics
profiling with respect to relevant histological morphology. This is made possible by laying a piece of frozen tissue
upon a set of grids that contain positional barcodes within their sequencing probes (Figure 3). By contextualizing
transcriptomics information at a spatial resolution, spatial transcriptomics illustrates a visual and quantitative snap-
shot of the sample tissue [192]. In the context of the liver, the spatial aspect of data is highly valuable, given the
inherently organized hepatic architecture and specialized tissue microenvironments. Due to limited resolution, cap-
turing rare cell types, smaller cells, and nuanced cell heterogeneity can be challenging. However, the resolution of in
situ spatial transcriptomics has recently been optimized from 100 to 2 pm with the help of a split-and-pool approach
and multiple hybridization rounds [193]. At this unprecedented resolution, in situ spatial transcriptomics paves new
ways to incorporate the spatial dimension into emerging bioinformatics analyses and diagnostics.

Next-generation genomic technologies provide a lens through which we can better examine the immune niche of
the liver. scRNA-seq, for instance, has improved our understanding of the immunological landscape of the liver in
humans [119,122] and mice [123,132], in addition to T-cell infiltration during HCC [194], fetal liver hematopoiesis
[136,195], fibrosis [196], and cancer [179]. However, in the past few years, scRNA-seq and several other genomic
technologies have been workshopped to utilize bioinformatics to pseudospatially resolve scRNA-seq data across a
two-dimensional space. For example, to reconstruct genome-wide human hepatic zonation patterns, Aizarani et al.
[122] employed diffusion-pseudotime (DPT) analysis of scRNA-seq data, in combination with self-organizing maps,
as a proxy for pseudospace [122]. This method depends on the assumption that there is a correlation between variabil-
ity in gene expression and diversity in cell type [122]. In addition to this, the authors utilized IHC and immunofluores-
cence experiments to verify the inferred zonation patterns at the protein level. Alternatively, Halpern et al. combined
the visualization sensitivity of smFISH and the transcriptomics profiling prowess of scRNA-seq to spatially resolve
gene expression profiles across murine liver samples [132]. Through utilizing smFISH to visualize the expression of
key landmark genes, the authors were able to map hepatocytes based on genome-wide expression profiles, in relation
to zonation patterns. This method was also elaborated to explore the spatiotemporal gene expression patterns of hep-
atocytes within the murine liver, as a means of elucidating the relationship between the hepatic circadian rhythm and
liver zonation [197]. Halpern et al. published another study utilizing paired scRNA-seq, wherein the known spatial
context of one cell type is used to map the localization of alternative and neighboring cell types [123]. In this paper,
they employed the spatially resolved scRNA-seq data of hepatocytes to map the location of liver endothelial cells,
in addition to identifying several immune cell populations in the mouse liver, such as T cells, B cells, neutrophils,
plasmacytoid DCs, and distinct populations of KCs and liver capsule macrophages [123].

There is significant potential for spatial transcriptomics to be utilized in the exploration of human liver immunol-
ogy, particularly in terms of elucidating the identities and locations of immune cells during homeostasis and disease.
Describing the differences in the transcriptional landscapes of immune cells within the spatial context of the liver will
shed light on the molecular etiology of disease, and potential targets for treatment.

Imaging mass cytometry

Imaging mass cytometry (IMC) is a powerful tool that complements flow cytometry and mass cytometry and allows
for highly multiplexed single-cell in situ protein analysis [198]. As an extension of mass cytometry, IMC harnesses
metal isotope-conjugated antibodies and laser ablation to reconstruct high resolution images of a tissue section of
interest [198]. In contrast with flow cytometry, the usage of metal isotope-conjugated antibodies in mass cytometry
and IMC allows for the investigation of greater than 40 biological markers [199], because each metal isotope possesses
its own unique non-overlapping detection peak, and background noise is minimal. When applied to the liver, IMC
enables the identification of tissue-resident and infiltrating immune populations, as well as their spatial distribution
relative to each other and parenchymal cell populations, such as in the case of HBV infection [200], HCC [201,202],
and the biodistribution of chemotherapeutic agents [203]. IMC is also particularly relevant for clinical studies be-
cause the usage of paraffin-embedded tissues allows for a retrospective investigation of samples collected across time
points. However, a major limitation of IMC is related to the rate of image acquisition and data generation, given that it
is considerably slower than that of fluorescence slide scanning [204]. Additionally, similar to scRNA-seq, snRNA-seq
and spatial transcriptomics, the computational portion of IMC data analysis can be particularly time-consuming and
bereft of standardized protocols and workflows. As a result of this, there has been significant innovation in the devel-
opment of informatics pipelines that allow for in-depth analysis, segmentation, and pixel classification [205] that build
upon ilastik [206] and CellProfiler [207,208]. An example of this is iMaging mAss cyTometry mIcroscopy Single-cell
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SegmEntation (MATISSE), which combines IMC and fluorescence microscopy to improve cell segmentation and the
identification of immune cells within a tissue [209].

In a recent study by Popescu et al. [136], the authors used IMC to complement scRNA-seq, flow cytometry and
alternative imaging methods in the investigation of fetal liver hematopoiesis [136]. The results from IMC shed light
on a significant restructuring of liver architecture from 8 to 15 post-conception weeks in terms of hepatocyte organi-
zation, the presence of hematopoietic aggregates within the sinusoid, and the distribution of CD1c* DCs, B cells, and
CD68* macrophages [136]. Alternatively, Bertocchi et al. [210] employed IMC to capture the role of Escherichia coli
in disrupting the gut vascular barrier in the context of colorectal cancer, subsequently promoting the development of
a pre-metastatic niche in the liver [210]. Overall, IMC enables the visualization and quantification of protein expres-
sion in complex tissues, subsequently allowing for a deeper understanding of rare cell types, cell-cell interactions,
and the spatiotemporal changes in the immune cell populations of the liver.

Current limitations of single-cell technologies

Single-cell technologies and their advancement provide an expansive platform to characterize immune cell identity
and plasticity, and as their application becomes increasingly ambitious, new roadblocks emerge. These techniques are
expensive, labor-intensive, and the data analysis requires expert bioinformatics platforms and definitive cell annota-
tions to be supported by biological validation. Functional confirmation of cell annotations and the characterization
of heterogeneous cell populations relies on the ability to isolate the identified cells for characterization using in vitro
immunological techniques, including multicolor flow cytometry and immunofluorescence microscopy (IFM) [211].
Conventional cell markers can fail to capture the diversity of hepatic cell populations and the ability to discriminate be-
tween tissue-resident and circulating cells [212]. The current single-cell approaches still demonstrate limited capture
efficiency. This dropout problem means that weakly expressed genes may be missed, causing our interpretations and
characterization to deviate from in vivo reality. Adaptability for different sample types also requires urgent attention
for single-cell technologies, especially considering clinical applications, where sample types may be highly heteroge-
neous. To properly capture this heterogeneity, a sufficient number of biological samples must be analyzed, but due to
the financial burden of these technologies, as well as limited access to fresh human tissue, too few samples are often
investigated. One potential field of interest for the application of scRNA-seq is the investigation of host-pathogen
interactions. While there have been promising leads in using scRNA-seq to explore transcriptional heterogeneity
in pathogens, this area is limited by the availability of antibodies targeting conserved pathogen-associated epitopes.
Moreover, the rapid advancement in spatial profiling technologies has allowed for the visualization of different tis-
sues in various states across several organisms, but much has yet to be elucidated in terms of the spatial resolution of
the subtypes, clonotypes, and transition states of hepatic immune populations. Current spatial transcriptomics tech-
nologies are varied and inconsistent, in addition to being limited in terms of their resolution. Due to the nature of
hepatic immune populations, high resolution and high-throughput spatial transcriptomics technologies are neces-
sary to visualize and characterize them accurately. As single-cell technologies extend their capability to cover beyond
transcriptomic, spatial, epigenomic, and proteomic levels, further research is needed to amalgamate these findings
into a coherent story. Not only will this endeavor require a standardized repository protocol, it will also challenge our
notion of the boundary between cell identity and plasticity, in addition to cell phenotype and genetics.

Conclusions and future perspectives

The advancement in the understanding of the immune niche of the liver has accelerated from the scale of decades
to years. Increased international efforts to make human samples available have allowed researchers to characterize
hepatic tissue in a manner that is truly representative of the human liver, in health and disease. In addition to this,
novel technologies are providing an opportunity to bridge the gap between the academic investigation of hepatic
tissue and the optimization of targeted therapies. These technologies have also sparked a newfound appreciation for
the origin, diversity and plasticity of immune cells. Over the years, the heterogeneity and plasticity of liver-resident
immune cells have become apparent, and as a result, traditional phenotypic markers that have been employed to
annotate immune populations are required to evolve to capture this diversity. It is essential to investigate the specific
origins of individual hepatic populations and their nuanced differences, in order to truly harness and translate the
regenerative capacity of these cells to treat liver disease. Key concepts to elucidate include discerning the cell types
that proliferate locally and those that are recruited from a circulatory pool, the magnitude at which cell identity is
fluid, and to what degree stem cells play a role in the regenerative process. As we unravel more intricate interactions
between the hepatic immune microenvironment and the phenotypes of its constituents, it would be interesting to see
where the boundaries between cell identity and plasticity truly lie.

(© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
Attribution License 4.0 (CC BY-NC-ND).
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Moreover, our understanding of the liver requires thorough characterization of its cellular composition, and while
single-cell technologies produce transcriptomics snapshots of the tissue, CITE-seq, spatial transcriptomics and IMC
provide additional protein-level and locational context that further annotate key cell populations that make up the
immunological niche of the liver. After the investigation of healthy, fetal, and cancerous liver samples, the application
of these powerful tools to other acute and chronic liver diseases will buttress the investigation of pathology-associated
dysregulation. Techniques such as snRNA-seq make this endeavor possible by removing the bias introduced by dis-
sociation. As these emerging techniques become increasingly prevalent, the standardization of common pipelines
will help us build comprehensive repositories, robust meta-analyses, and most importantly, it will support the next
paradigm shift that ultimately improves the development and execution of precision medicine and immunotherapy.
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