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Simple Summary: The reciprocal crosstalk between dendritic cells (DCs) and natural killer (NK) cells
plays a pivotal role in regulating immune defense against viruses and tumors. The Th-cell polarizing
ability, cytokine-producing capacity, chemokine expression, and migration of DCs are regulated
by activated NK cells. Conversely, the effector functions including lysis and cytokine production,
proliferation, and migration of NK cells are influenced by close interactions with activated DCs. In
this review, we explore the impact of DC–NK cell crosstalk and its therapeutic potential in immune
control of liver malignances.

Abstract: Natural killer (NK) and dendritic cells (DCs) are innate immune cells that play a crucial role
in anti-tumor immunity. NK cells kill tumor cells through direct cytotoxicity and cytokine secretion.
DCs are needed for the activation of adaptive immune responses against tumor cells. Both NK cells
and DCs are subdivided in several subsets endowed with specialized effector functions. Crosstalk
between NK cells and DCs leads to the reciprocal control of their activation and polarization of
immune responses. In this review, we describe the role of NK cells and DCs in liver cancer, focusing
on the mechanisms involved in their reciprocal control and activation. In this context, intrahepatic
NK cells and DCs present unique immunological features, due to the constant exposure to non-
self-circulating antigens. These interactions might play a fundamental role in the pathology of
primary liver cancer, namely hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma
(ICC). Additionally, the implications of these immune changes are relevant from the perspective of
improving the cancer immunotherapy strategies in HCC and ICC patients.

Keywords: innate immunity; DCs–NK cell interaction; liver cancer; cancer therapy

1. Introduction

The liver represents an important immunological organ in which a unique microen-
vironment shapes both the innate and adaptive immune responses to maintain a correct
balance between immune tolerance and immune activation. About 80% of liver blood flow
derives from the gastrointestinal tract, via the portal vein, carrying a high load of bacterial
antigens. Accordingly, liver tissue is highly enriched in cells belonging to both the innate
and adaptive immune systems [1]. The intimate interactions among different liver-resident
immune cells, facilitated by low-pressure blood flow, the fenestrated endothelium, and
lack of a basement membrane, are crucial for preventing liver injury. Their dysregulation
plays a critical role in the pathogenesis of several hepatic diseases, such as viral hepatitis,
autoimmune disorders, and tumors.
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Cells of the innate immune system orchestrate the first line of the immune response to
pathogenic stimulus, or damage to host cells and tissues. DCs and NK cells are specialized
sensors of the innate immune system with complementary and partially overlapping
functions that play a critical role in the defense against cancer and infections. The outcome
of NK–DC interaction leads to both NK cell and DC activation, which influences the
innate and adaptive immune responses via cell-to-cell interactions and through secretion
of numerous soluble factors, including chemokines and cytokines.

This review addresses different mechanisms of the NK–DC crosstalk in the context of
liver homeostasis and regeneration, as well as neoplastic transformation, referring to hepa-
tocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC) microenvironments.
Finally, we discuss the potential clinical implications in this field.

2. Implication of NK–DC Crosstalk in Cancer Immunity
2.1. NK Cells in Cancer Immunity

NK cells are large granular lymphocytes of the innate immune system. They circulate
throughout the body and are present in both lymphoid organs and non-lymphoid periph-
eral tissues. NK cells are involved in direct innate immune reactions against pathogens and
malignant cells. Importantly, NK cells link the innate and adaptive immune responses [2,3].
Human peripheral blood NK cells represent about 10% of circulating lymphocytes and
are subdivided into two main subsets, based on the differential expression of CD56 and
CD16 markers—CD56bright (CD56bright/CD16−) and CD56dim (CD56dim/CD16+) NK cells.
The dominant mechanism regulating NK cell activity ensures immune-tolerance toward
autologous cells, by engaging several inhibitory NK receptors (iNKRs) that are spared of
NK cell cytotoxicity [4]. The iNKRs include inhibitory killer immunoglobulin-like receptors
(iKIRs), and the C-type lectin like receptor NKG2A, which bind several alleles of the major
histocompatibility complex class I (MHC-I) and a non-classical MHC-I complex, HLA-E,
respectively. The absence of MHC-I on target cells licenses NK cell killing via the engage-
ment of activating NK receptors (aNKRs), which bind their putative ligands expressed on
infected or tumor-transformed cells [5]. aNKRs are natural cytotoxicity receptors (NCRs)
NKp30, NKp46, and NKp44, and the C-type lectin receptors NKG2D and NKG2C. The
NK CD56bright and CD56dim cell subsets have distinct roles in immunity. The CD56bright

cell subset serves more as an immune-modulator and the second CD56dim population acts
mainly as cytotoxic effectors [6]. NK CD56dim cells, which represent the largest population
in the blood (up to 90%), exert high Interferon (IFN)-γ production, cellular-mediated cyto-
toxicity, and antibody-dependent cellular cytotoxicity (ADCC) in response to the stressed
target cells and several interleukins (ILs) (i.e., IL-12, IL-15, and IL-18). The poor cytotoxic
CD56bright NK cells, also unable to perform ADCC, have important regulatory functions
through the secretion of chemokines and pro-inflammatory cytokines (i.e., IFN-γ and
tumor necrosis factor (TNF)-α) in response to different stimuli (i.e., IL-1β, IL-2, IL-12, IL-15,
and IL-18) delivered by the surrounding cells at tissue sites (i.e., macrophages, DCs, and T
lymphocytes) [2,7,8].

Other than classical CD56bright and CD56dim, further NK cell populations were iden-
tified. For instance, an anergic NK cell subset represented by CD56− (CD56−/CD16+)
phenotype pathologically expands during the course of HIV-1 infection [9]. Recently, an un-
conventional population of CD56dim/CD16- (unCD56dim) NK cells was described, which
had potent cytotoxic potential among blood-circulating NK cells, in patients affected by
hematologic malignancies receiving haploidentical hematopoietic stem cell transplants
(haplo-HSCT) [10,11].

The high cytotoxic activity of peripheral blood NK cells positively correlates with
reduced cancer risk, thus indicating the critical role of NK cells in controlling the devel-
opment of various types of tumor in vivo [12]. Numerous pre-clinical studies associated
favorable NK cell survival with better clinical outcome and therapeutic response in differ-
ent cancers [13–15]. However, the specific role of NK cells remains controversial and largely
depends on distinct cancer types. Tumor-infiltrating NK cells are highly heterogeneous,
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even in the same type of cancer, and are characterized by an abundant expression of various
activating and inhibitory surface receptors, due to the complexity of the tumor microhabi-
tat [16]. Recently, CIBERSORT, an analytical analysis tool, divided NK cells into resting and
activated cell subtypes, each contributing to the formation of the tumor microenvironment
(TME) [17]. In tumors, alterations in antigen presentation in the context of specific alleles
of HLA class I (i.e., HLA-C, HLA-E, or HLA-G), recognized by iNKRs, might lead to the
impairment of the NK cell anti-tumor response [18]. Moreover, tumor-transformed cells
can create an immune-suppressant microenvironment that is able to down-modulate the
repertoire of aNKRs and further impair both NK cell effector functions and trafficking to
tumor sites, as previously reviewed [14].

Thus, a better understanding of the mechanisms that shape NK cell phenotype and
influence their antitumor activity in various types of tumors might provide therapeutic
benefits.

2.2. DCs in Cancer Immunity

DCs are professional antigen presenting cells (APCs) with the unique ability to prime
adaptive immune responses. As a result, DCs are essential for the activation of anti-
tumor immune responses. Originating from bone marrow, DCs migrate to peripheral
tissues through the blood. In the peripheral tissues, they sample antigens and migrate
to lymph nodes, where they present the captured antigens to T cells. Depending on the
signals sensed by DCs in peripheral tissues, antigen presentation is followed by either the
activation of different arms of adaptive immunity or by the induction of T cell tolerance.
This different behavior of DCs in shaping the adaptive immune response is also dependent
on the different DC subset to which the DCs belong [19]. DCs are heterogeneous and
can be divided into two major populations—conventional DCs (cDCs) and plasmacytoid
DCs (pDCs). cDCs are myeloid cells that are further divided into two subsets—cDC1s
and cDC2s. cDC1s develop under the control of the transcription factors (TFs) IRF8,
ID2, and BATF3 [20], and selectively express the C-type lectin receptor CLEC9A, the cell
adhesion molecule 1 (CADM1), CD141, and the chemokine receptor XCR1 [21,22]. cDC1s
have an excellent cross-presentation ability that makes them highly efficient in priming
cytotoxic T cells [23]. cDC1s play a crucial role in the activation of anti-tumor immune
responses, also acting locally in the TME, where, by producing the chemokines CXCL9
and CXCL10, they attract tumor-infiltrating T cells in the cDC1-rich areas and sustain
local T cell restimulation [24]. Due to these properties, cDC1s are crucial for the activation
of effective anti-tumor immune responses, and their presence in the TME is associated
with better prognosis across human tumors [25,26]. cDC2s develop under the control
of the TFs IRF4, ID2, ZEB2, and KLF4 [19,20], and are characterized by a preferential
expression of different markers, including CD1c, the α subunit of the high-affinity IgE
receptor (FCER1A), CLEC10A, CD301, and the signal regulatory protein α CD172a [27–29].
cDC2s are specialized in the activation of naive T helper (Th) cells through the presentation
of antigens in the context of HLA class II molecules [30]. They are more heterogeneous
and more abundant in the blood and tissues than cDC1s. cDC2s express a wide variety of
pattern recognition receptors on their surface, which enable these cells to sense a broad
spectrum of different signals in peripheral tissues. In response to these signals, cDC2s
produce different arrays of cytokines, which in turn polarize different Th responses [31].
In the context of anti-tumor immune responses, cDC2s play an important role as potent
stimulators of naive Th cells, which are needed for the activation of optimal anti-tumor
cytotoxic T lymphocyte (CTL) functions. It was demonstrated that the cooperation of
CD4+ and CD8+ T cells enhances high-avidity tumor, antigen-specific CTLs, and improves
the clinical response to cancer immunotherapy [32–35]. However, non-helped CTLs are
impaired in several functions, including their ability to infiltrate the TME [36]. pDCs
develop under the control of the TFs IRF4, IRF8, E2-2, and ZEB2 [19,20], lack myeloid
markers and are characterized by the expression of CD303, CD304, and the IL-3R-α receptor
CD123 [21]. Immature pDCs are mainly tolerogenic, which explain the observation that



Cancers 2021, 13, 2184 4 of 27

their presence in the TME is mainly associated with a poor prognosis across many types
of human cancer [37–40]. Upon activation, pDCs excel in their ability to produce huge
amounts of type I IFN [41]; they can present antigens and activate T cells, although this
issue was long debated upon [42,43].

Despite the above-described functional specialization of the DC subsets, the efficiency
of DCs to activate immune responses also relies on the interactions of each subset with
other DCs. In the context of anti-tumor immune responses, accumulating evidences suggest
that though needed for the activation of anti-tumor immune responses, cDC1s are not
sufficient for optimal responses, and crosstalk between DC subsets is emerging as crucial
for maximizing the activation of protective responses. In this context, if properly activated,
pDCs in the TME provide an important contribution to the activation of effective anti-tumor
immune responses, by producing high amounts of type I IFN, which in turn, activates cDCs
by up-regulating their surface expression of costimulatory molecules. The close proximity
of pDCs and cDC1s also suggests that the synergistic effects between these DC subsets
might rely on cell-contact-dependent mechanisms [44,45]. Notably, the ability of pDCs
to transfer antigens to cDCs through exosomes was recently demonstrated, indicating
that pDCs can cross-prime naïve cytotoxic T cells through the involvement of cDC1s [46].
cDC1s can also collaborate with cDC2s for optimal CTL induction. In particular, Th1 cells
activated by cDC2s can promote the activation of cDC1s by sustaining their upregulation
of costimulatory molecules and production of IL-12 and IL-15, which in turn, are required
for optimal CTL activation [46,47]. Moreover, cDC1s–cDC2s crosstalk might also sustain
optimal Th1 activation, as demonstrated in infections and autoimmunity, where cDC2-
induced Th1 responses are potentiated by IL-12 produced by cDC1s (reviewed in [47]).
Notably, this important crosstalk between different DC subsets occurs not only in the tumor-
draining lymph nodes, but also in the TME where the development of tertiary lymphoid
structures (TLS) facilitates proper immune cell interactions [48,49]. As reported above, DCs
also play an important role at the tumor site where, through the secretion of CXCL9 and
CXCL10, cDC1s contribute to the recruitment and restimulation of T cells [24,26]. Because
IFNs are required to stimulate the production of these chemokines by cDC1s, tumor-
infiltrating T cells that secrete IFN-γ, namely cDC1-induced CTLs and cDC2-induced Th1
cells, establish a positive feedback loop that amplifies the cDC1-dependent recruitment
of additional T cells [26]. Notably, as reported in detail below, these same cDC1-derived
chemokines and cytokines are also involved in sustaining the crosstalk between DCs and
NK cells.

Similar to other immune cells, DCs undergo profound changes during the complex
interaction that occur between tumor cells and the immune system, in the multistep process
of cancer immunoediting [50]. During the elimination phase, immunostimulatory DCs
activate robust tumor-specific cytotoxic immune responses that destroy tumor cells. During
the equilibrium phase, immunostimulatory DCs contribute to keep resistant tumor cells
in a state of dormancy, thus, preventing tumor cell outgrowth [51]. During the escape
phase, tumors acquire new properties that elude immune recognition and destruction and
promote the development of an immunosuppressive TME [52]. Tolerogenic DCs contribute
to the escape phase by promoting tumor-specific immune tolerance, and participating
in the development and maintenance of an immunosuppressive TME [53,54]. Notably,
numerical and functional impairments of DCs in patients with different types of cancer were
reported not only in the TME, but also in DCs circulating in the peripheral blood [50,55–57],
indicating that tumors can affect DCs far beyond the local environment.

2.3. DC-Mediated Control of NK Cell Activation

Since the first evidence of NK–DC interactions reported by Fernandez et al., showing
the ability of DCs to trigger the NK cell antitumor response, other studies investigated the
interactions between these two types of cells [58,59]. DCs were shown to be required for the
activation of NK cells in response to viral infections, such as cytomegalovirus (CMV) [60–
62] and herpes simplex virus type 1 (HSV-1) [63–65]. Moreover, multiple studies reported
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the relevant role of DCs in the activation of NK-cell-mediated antitumor activity [66,67].
The mechanisms through which DCs activate NK cells involve a combination of secretion
of inflammatory cytokines and direct cell-to-cell contact that promote NK cell proliferation,
cytokine production, and induction of cytolytic activity. NK proliferation and survival were
shown to be mediated by DCs through the release of IL-15 [8]. IL-15 trans-presentation
by DCs is required for NK cell priming [68–70], and IL-15 cis-presentation by NK cells
contribution to NK cell activation through the production of IFN-β by DCs [71]. A strong
activator of NK effector functions is IL-12; DCs-derived IL-12 stimulates NK cells to
produce IFN-γ [2,8]. A similar role is exerted by IL-18, which synergizes with IL-12 to
induce IFN-γ secretion by NK cells [64]. IL-18, alone or in combination with IL-12, enhances
NK cell cytotoxicity in both microbial infection and the antitumor response [59,67]. In
addition, type I IFNs (IFN-α/β), secreted by DCs play a crucial role in the induction of
NK cell cytotoxicity [72,73]. In this context, pDCs, the major producers of type I IFNs in
the blood, are the main subset affecting NK cell cytolytic activity [72,74]. Thus, cytokines
secreted by DCs are important players in the DCs–NK cells interactions; however, direct
cell-to-cell contacts are required for optimal NK cell activation by DCs. The establishment
of an immunological synapse is essential for the complete activation of NK cells [67,69].
MHC class-I-related (MIC) A and B expressed on DCs upon IFN-α stimulation induce
NK cell activation through NKG2D recognition [75]. Moreover, viral-infected DCs engage
both NKG2D and NKp46 receptors on NK cells to trigger their effector functions [76].
pDCs activated by CpG-oligodeoxynucleotides (CpG-ODN) express the ligand for the
glucocorticoid-induced tumor necrosis factor receptor (GITRL), whose receptor is expressed
by activated NK cells, thus promoting NK cell cytotoxicity [77]. Cytoskeleton remodeling
and lipid raft mobilization are also involved in the formation of DCs–NK cells stimulatory
synapses, as they promote the polarized secretion of IL-12 by DCs toward NK cells [78].

Most findings related to the effect of DCs on NK cell activation are based on monocyte-
derived DCs, generated in vitro through cytokine stimulation, and little is known about
the interaction between human DCs and NK cells in vivo. Notably, both soluble factors
and direct cell-to-cell contact between blood CD83+ DCs and NK cells enhance the NK
cell cytolytic activity and the tumoricidal potential [79,80]. Moreover, lipopolysaccharide
(LPS)-activated 6-sulfo LacNAc+ (slan) DCs are able to activate NK cells by inducing CD69
expression, IFN-γ secretion, and tumor-directed cytotoxicity [81], thus confirming a regular
circuit between human DCs and NK cells occurring in vivo, in which the resting NK cells
require DCs for activation.

2.4. NK-Cell-Mediated Control of DC Activation

The DC–NK crosstalk is a bidirectional interaction since NK cells also affect DC
maturation and effector functions. To limit the supply of DCs at sites of inflammation
and to control adaptive immune responses, NK cells kill autologous immature DCs (iDCs)
through direct DCs–NK interactions [82]. The susceptibility of iDCs to NK cell lysis
relies almost entirely on the NKp30 activating receptor, and downmodulation of NKp30
upon tumor growth factor (TGF)-β stimulation inhibits the NK-cell-mediated killing of
DCs. [83,84]. However, only a small subset of NK cells showed the ability to kill DCs; this
cell subset is characterized by the expression of the inhibitory receptor NKG2A and the
absence of KIRs [85]. Accordingly, iDCs displayed downregulation of the surface HLA-E,
which explains their susceptibility. In addition to NKp30, DNAM-1 and CD54 are involved
in the NK-cell-mediated killing of DCs [86,87]. Recently, it was shown that the engagement
of NKp30 and DNAM-1 expressed on NK cells can not only lyse iDCs but can also induce
the Th2-polarizing properties of DCs [88].

NK cells have an important function in the process of DCs maturation. Although at high
NK/DCs ratios, the interaction between NK cells and DCs results in DCs killing, at low ratios,
NK cells can stimulate DCs maturation [89]. NK cells regulate the maturation and cytokine
release of different types of DCs including myeloid DCs, pDCs, and slanDCs [74,81]. In this
context, both cytokines, TNF-α and IFN-γ, and cell-to-cell contact are important for NK-cell-
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mediated DC activation [74,89]. In addition, a critical role is displayed by NKp30, whose
engagement upon NK/DCs interaction induces cytokine-dependent DCs maturation [90].

Several lines of evidence suggest that NK cells can have a helper function and support
DCs to drive T cell differentiation. In particular, NK cells can induce stable type-1-polarized
DCs (DC1), which allow the development of Th1- and CTL-dominated type 1 immune
responses [91]. The ability of NK cells to promote the Th1 polarization of DCs depends on
cytokines release. In particular, IL-12- or IL-2-activated NK cells induce the maturation of
DCs, which prime Th1 cells, whereas NK cells exposed to IL-4 impaired efficient DCs Th1
priming and might favor tolerogenic or Th-2 responses [92,93]. Recently, it was shown that
NK cells can also prime inflammatory DCs to drive the differentiation of type 17 CD8+ T
cells (Tc17), which have the capacity to produce IFN-γ and IL-17 [94].

Recent studies clearly elucidated the essential role of the crosstalk between NK cells
and DCs occurring during immune responses, summarized in Figure 1. This interaction
results in the development of an efficient innate response and a potent adaptive immune
response through bilateral NK–DC maturation and activation.
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like IL-12, IL-15, IL-18, and IFN-γ. IL-15 trans-presentation by DCs is required for NK cell priming,
and IL-15 cis-presentation by NK cells contributes to NK cell activation through the production of
IFN-β by DCs. IL-12 and IL-18 stimulate NK cells to produce IFN-γ and enhance NK cell cytotoxicity.
Moreover, direct NK–DC contact is required for optimal NK cell activation by DCs. The interaction
of NKG2D with MICA/B expressed by DCs upon IFN-α simulation, and the interaction of GITR
with its ligand on DCs also lead to NK cell activation. Moreover, DCs release chemokines, such as
CXCL9/10, which further recruit NK cells at the site of inflammation. Lower panel: Activated NK
cells produce IFN-γ and TNF-α, which promote maturation of DCs that are able to drive Th1- and
cytotoxic T cell development. Additionally, the NKp30 engagement is involved in this process. To
increase DC recruitment at the site of inflammation, NK cells release XCL1, which binds to XCR1
expressed by DCs. To limit the supply of DCs at sites of inflammation and control excessive adaptive
immune response, NK cells that express the inhibitory receptor NKG2A and lack activating KIRs can
kill autologous iDCs that display a reduction in HLA-E expression. In particular, the direct NK–DC
interaction, through NKp30, DNAM-1, and CD54, on NK cell surface, and their ligands on DC surface,
induces the killing of iDCs. Notably, NKp30 and CD54 ligands on DCs surface are still unknown, as
indicated in the figure by a question mark. [CXCL10, Chemokine (C-X-C motif) ligand 10; CXCL9,
Chemokine (C-X-C motif) ligand 9; DCs, dendritic cells; DNAM-1, DNAX Accessory Molecule-1
or CD226; GITR, glucocorticoid-induced tumor necrosis factor receptor; GITRL, glucocorticoid-
induced tumor necrosis factor receptor ligand; HLA-E, Major Histocompatibility Complex, Class
I, E; iDCs, immature dendritic cells; IFN-α, interferon α; IFN-β, interferon β; IFN-γ, interferon γ;
IL-12, interleukin 12; IL-15, interleukin 15; IL-15R, interleukin 15 receptor; IL-18, interleukin 18; KIRs,
Killer-cell immunoglobulin-like receptors; MICA/B, MHC class-I-related protein A/B; NECTIN-2,
Nectin Cell Adhesion Molecule 2 or CD112; NK cells, natural killer cells; TNF-α, tumor necrosis
factor α; XCL1, Chemokine (C motif) ligand 1; and XCR1, X-C Motif Chemokine Receptor 1]. Created
with BioRender.com (accessed on 16 March 2021).

3. Specialized NK Cell and DC Subsets in The Liver
3.1. Biological Complexity of Hepatic NK Cells

Other than circulation, NK cells are found in different organs. In humans, CD56dim

cells predominate in bone morrow, spleen, and subcutaneous adipose tissue; conversely,
the CD56bright cell subset is found in much higher proportions in tissues such as intestinal
mucosa, kidney, uterus, and liver [95,96]. Thus, the high frequencies of NK cells in several
peripheral tissues extend traditional NK cell dichotomy to a much broader spectrum of
NK cell diversity related to the tissue-specific imprinting in physiological and pathological
conditions.

Liver (lr)-NK cells represent the most abundant population among all intrahepatic lym-
phocytes, which can reach up to 50% [97,98]. For the first time, lr-NK cells were described
in mouse. However, this concept was rapidly confirmed in human liver, where NK cells are
represented by heterogenous phenotypic profiles with either cytotoxic or tolerogenic effector
functions. The CD56bright cell subset is highly enriched in the liver parenchyma [99–101].
The specific phenotype of human lr-CD56bright cells is characterized by the constitutive ex-
pression of the chemokine receptors CXCR6 and CCR5, and the tissue residence marker
CD69 [99,102,103]. The constitutive expression of CXCR6 and CCR5 on lr-NK cells appears
to be important in the mechanisms of recruitment and retention of NK cells in the liver.
The engagement of these chemokine receptors following binding with their cognate ligands
(i.e., CXCL16 and CCL3-CCL5, respectively), expressed by cholangiocytes, sinusoidal endothe-
lial cells, hepatocytes, and Kupffer cells (KCs) (i.e., liver-resident macrophages), is associated
with liver homing [97,99]. However, another mechanism restricted to hepatic trafficking of
NK cells was proposed, involving VAP-1 expression on sinusoidal endothelial cells, which in
turn, binds the Siglec-9 molecule expressed on the blood-circulating NK cells [104,105]. Lr-NK
cells revealed the specific transcriptional profile characterized by a higher expression level of
transcription factors EOMES and HOBIT, and in contrast to peripheral blood NK cells, a low
level of T-bet [102,106,107].

BioRender.com
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Liver is the organ in which for the first time NK cells were identified with the memory-
like features of adaptive immunity, which include clonal-like expansion and generation
of long-lived memory populations capable of enhanced recall responses [108]. Human
memory-like NK cells were found in HCMV infection, which induces the expansion of the
specific NKG2C+ NK cells that are able to produce a higher amount of IFN-γ after being
re-challenged with the same virus [109–111]. These expanded NKG2C+ NK cells have a
unique surface phenotype, with preferential expression of the maturation marker CD57
and inhibitory KIRs, and reduced expression of the NCRs and the transcription factor
PLZF [109,111–113].

The complexity of human lr-NK cell subsets was recently confirmed using unbiased
analysis at the single cell level with both multiparametric flow cytometry and RNA sequenc-
ing (RNA-seq) technology [114–116]. These studies demonstrated the CXCR6+ phenotype
of lr-NK cells expressing EOMES, along with tissue residency markers CD69, CD49a, and
CD103, and several inhibitory and activating molecules such as NKG2A, KLRB1, GZMK,
and CD160. In addition, CXCR6- CD103- CD69low was described with the memory-like
NKG2C+CD38lowKIR+PLZF− phenotype.

The hepatic immune system must simultaneously respond to harmful and remain
tolerant to many antigens derived from the gut [117–119]. Immune tolerance in the liver
is mediated by a number of specialized APCs. Among them, DCs and KCs are critical in
the maintenance of NK cell tolerance in the liver, mainly by producing IL-10 and TGF-
β [120–122]. Moreover, increase in tolerogenic NK cells could be prompted by apoptotic
cells that are able to expand the NK TGF-β-producing ability to suppress their autocrine
IFN-γ production [123].

Importantly, the tolerance of lr-NK cells is simultaneously maintained with their
high effector potential. Lr-NK cells present high levels of granzymes, perforin, and IFN-
γ [124,125]. In addition, the high expression levels of TRAIL and FasL molecules suggest
preferential direct cellular-dependent killing of the target cells [126]. Moreover, lr-NK
cells, as compared to the peripheral blood NK cells, are more efficient producers of TNF-
α, GM-CSF, and IL-2, which are key players in inflammatory responses [126–128]. This
effector potential of hepatic NK cells is largely documented in acute hepatitis B virus
(HBV) and hepatitis C virus (HCV) infections. The early NK cell activation during viral
infection, mediated by IFN-α/β and cytokines such as IL-12, IL-15, and IL-18, contributes
to both the initial control of infection and to the development of an efficient adaptive
immune response [97,129]. However, viral clearance correlates with increased frequency
and activation of peripheral blood NK cells, which result in a higher cytotoxicity and
secretion of IFN-γ [130,131].

Hepatic NK cells play an important role in liver regeneration after tissue damage.
Hepatocyte proliferation significantly decreased in mice models lacking NK cells [132].
During fibrosis, resolving hepatic NK cells directly kill activated stellate cells (SCs), induc-
ing SCs apoptosis in NKG2D-dependent and TNF-α-related manners [133]. Interactions
of NK cells with different liver-resident cells (i.e., KCs, fibroblast, and stem cells) produce
the secretion of different cytokines and chemokines, including CXCL7, CXCL2, CCL5, and
IL-8, which are able to induce the proliferation and regeneration of hepatic tissue, although
their excessive activation can inhibit rather than promote liver regeneration [134,135].

Despite the liver being considered a preferential tissue for NK cells residency, several
questions still remain unanswered. In particular, given the high heterogeneity of lr-NK
cells, further studies are needed to investigate their specific role in both homeostatic and
pathological conditions.

3.2. Heterogenicity of Liver DCs

In the healthy liver, constantly changing metabolic and tissue remodeling activity,
combined with regular exposure to microbial products, result in persistent and regu-
lated inflammation and immune responses, the failure of which leads to chronic infection,
autoimmunity, and tumor growth [1]. The hepatic blood system allows the rapid ex-
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change of material from the blood rich in pathogen-associated molecular patterns (PAMPs)
and damage-associated molecular patterns (DAMPs) into hepatocytes, which sense these
molecules through the expression of pattern recognition receptors (PRRs). Upon binding,
this material is phagocytosed and subsequently degraded by hepatocytes and KCs, without
mounting the inflammatory response that usually accompanies PRR signaling. An impor-
tant role in the maintenance of hepatic tolerance is exerted by resident myeloid cells, KCs,
and DCs, by producing anti-inflammatory cytokines such as IL-10, and downregulating
co-stimulatory molecules, limiting the adaptive immune response [136]. These resident
immune cells populate the liver sinusoids and the sub-endothelial compartment, the space
of Disse, where lymph collects and flows into lymphatic vessels running along the portal
tract. In particular, during the steady state, DCs are localized around portal triads. In
response to infection, DCs migrate from the parenchyma via the space of Disse to the portal
area where they interact with T cells [137].

Whereas several liver-resident immune cell populations, like KCs, are well recognized,
the full spectrum of immune cells resident within the liver, like DCs, is still unclear, in
particular in humans, where further studies are needed to define phenotypically distinct
liver-resident immune cell populations. From the first immunohistochemistry studies
on healthy liver resections to more recent flow-cytometric applications, several authors
documented the presence of lineage DCs, including cDC1s, cDC2, and pDCs. Concerning
the molecular profile and functions of DC subsets in the human liver, information is
lacking, but what emerged by combining data from murine and human DCs is that cDCs
and pDCs share a tolerogenic profile [136,138,139]. From murine data, it was observed
that cDCs are able to produce prostaglandin E2 (PGE2) and IL-10, and that the liver
microenvironment is crucial for programming hematopoietic progenitor cells to develop
into tolerogenic DCs in situ, a process that might contribute to the maintenance of hepatic
tolerance through the inhibition of T cell proliferation and the induction of Tregs [140,141].
In humans, in the healthy hepatic resections from benign disease, primary cancer, and
metastatic disease, a significant increase of cDC2s was observed, as compared to blood.
Hepatic cDCs were also characterized by a lower expression of costimulatory molecules as
compared to the spleen, and produced greater amounts of IL-10 when stimulated with LPS
as compared to blood DCs. In mixed lymphocyte reaction (MLR) experiments, researchers
observed that bulk cDCs induced a lower proliferation of allogenic T cells, promoting their
hyporesponsiveness [140]. However, a partially different situation was observed when
analyzing DC subsets in perfusates from livers of healthy donors. Kelly et al. observed an
inverted scenario compared to that observed by Bamboat et al.—they found an increase in
cDC1s and a decrease in cDC2s in liver perfusates as compared to blood. From a functional
point of view, DCs in liver perfusates seemed to be less tolerogenic as compared to those
of the parenchyma. Indeed, it was observed that cDC1s produce less IL-10; more IL-1β,
CXCL10, TNF-α, IL-6, and IL-8; and together with cDC2s, were able to induce allogenic
T cells proliferation [142]. Interesting evidence of the tolerogenicity of DCs in the liver
was provided by Ibrahim et al., who observed both in mice and humans the presence of
two subsets of liver DCs on the basis of lipid content (low-DC and high-DC). These are
unique in the liver (none in the spleen, kidney, LNs, or skin), and in particular, high-DCs
were found to be more immunogenic, being characterized by high expression levels of
co-stimulatory molecules (CD40, CD80, and CD86) and CD1d, as compared to low-DC,
which conversely, were observed to be more tolerogenic [143].

4. NK–DC Crosstalk in Primary Liver Cancer
4.1. NK Cells in Liver Cancer

As an immune-tolerant organ, the liver is predisposed to tumorigenesis. Primary liver
cancers, HCC and ICC represent the sixth most commonly diagnosed cancers. Several
studies reported the involvement of NK cells in the immune surveillance of primary and
metastatic liver malignancies [144,145]. A higher number of lr-NK cells predicts better
outcome in HCC patients in the early stage of the disease in terms of tumor growth and
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better patient survival [146–148]. In particular, expression of NKG2D ligands might boost
NK-mediated antitumor activity in HCC patients [149,150]. However, NK cells appear
to be poorly efficient in controlling advanced HCC, due to their lower frequency and
aberrant effector functions found in both blood and lr-NK cells. A lower occurrence of
CD56dim and CD56bright NK cells was observed in tumor-infiltrated areas as compared
to healthy tissue [148,151,152]. In part, the loss of NK cells in HCC was associated with
an increased frequency of Treg and a higher concentration of immunosuppressive IL-10
cytokine [148]. In addition, lr-NK cells exhibit poor capacity to produce cytokines (IFN-γ
and TNF-α) and kill tumor targets. Several phenotypic features and multiple mechanisms
were proposed to explain NK cells’ impairment in HCC. Among them, increased expression
of several immune checkpoint molecules, including programmed cell death protein (PD-
1) and NKG2A, was found on lr-NK cells [153,154]. PD-L1 and MHC class I molecules
were found to be highly present on HCC cells [155,156]. Lr-NK cells in HCC patients
with advanced-stage disease showed a prevalent expression of the specific NKp30 splice
variant, resulting in inhibitory NKp30-mediated functionality [157]. The direct contact with
tumor-associated macrophages might induce rapid NK cell exhaustion through CD48/2B4
or NKp30 interaction [152,158]. In addition, several immunomodulators, such as TGF-α,
PGE2, or indoleamine 2,3-dioxygenase (IDO), released in the tumor microenvironment and
contributing to HCC progression show an immunosuppressive impact on NK cells [159].
Thus, the potential of NK cells to control HCC development is largely reduced by different
strategies exerted by HCC, to evade the NK-cell-mediated immune surveillance.

Among the main predisposing risk factors of HCC, there are chronic HBV and HCV
infections [160]. In the acute phase of HCV and HBV infection, the NK cells display
increased IFN-γ production and increased cytotoxicity, although, the specific contribution
of NK cells to antiviral response is still unknown [161,162]. During this period, HCV
patients are typically clinically asymptomatic and, without treatment, two-thirds of the
infected patients develop chronic disease. Similarly, HBV infection is characterized by a
lack of obvious symptoms and liver damage that even lasts for several years. With the
development of infection, the clearance of viral infection correlates with elevated levels
of IFN-γ and TNF-α in the liver. Persistent HBV and HCV infections have a remarkable
impact on the hepatic NK cell repertoire, profoundly affecting their effector functions and
resulting in preserved NK cell cytotoxicity and impaired IFN-γ production [163,164]. Based
on a model proposed by Miyagi et al., NK cells produce IFN-γ in the early phase of a virus
infection due to their constitutively high STAT4 expression [165]. Chronic exposure to type
I IFN results in increased STAT1-dependent cytotoxicity and decreased STAT4-dependent
IFN-γ production. The altered functional phenotype of NK cells in chronic HCV and HBV
infection might therefore facilitate chronic inflammation via killing of infected cells but
not allowing viral clearance due to impaired IFN-γ production. Of note, the preserved
cytotoxic potential of lr-NK cells in chronic HBV infection contributes to the killing of
autologous virus-specific CD8+ T cells, thus impairing adaptive antiviral immunity [166].
These alterations in NK cells, such as the persistent deregulation of IFN-γ signaling, are
associated with persistent HCV and HBV infection, liver injury, liver fibrosis, and liver
carcinogenesis and thus, presumably contribute to liver disease progression [167].

Numerous studies assessed the protective role of NK cells in ICC development. The
use of in vitro cytokine-activated NK cells in combination with cetuximab, the monoclonal
antibody (mAb) against epidermal growth factor receptor (EGFR), showed benefits, re-
sulting in a higher ADCC response against human ICC cells [168]. In addition, several
infusions of in vitro expanded human NK cells into ICC xenograft tumor-bearing mice
showed high NK-cell-mediated cytolytic response with inhibition of tumor growth [169].
Recently, the elevated intra-tumoral expression of CXCL9, an IFN-γ inducible chemokine,
was associated with a higher number of tumor-infiltrating NK cells, leading to favorable
postoperative survival in patients with ICC [170]. Additionally, elevated expression of
the NKG2D ligand correlates with improved overall ICC patient survival [171]. Although
these findings hold promise, similar to HCC, strategies with the aim of evading NK cell
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immune surveillance in ICC were also reported. For instance, ICC cells induce apoptosis
of NK cells via the Fas/FasL cell death pathway, and escape the inflammatory response
by upregulating the antiapoptotic c-FLIP system [172]. Several single nucleotide polymor-
phisms (SNPs) located within the NKG2D receptor gene (KLRK1) were linked to defective
NK-cell-mediated anti-tumor activity and a higher risk of cancer [173].

The emerging role of NK cells in primary liver tumors will likely open new opportu-
nities for therapeutic strategies to restore or carry out NK cell-impaired antitumor activity.

4.2. DCs in Liver Cancer

Effective immune responses against tumors are based on the activity of DCs that can
recognize, process, and present tumor antigens. DCs are considered a promising tool for
novel immunotherapeutic agents; however, dysfunctions in DCs activity were described in
various tumors, including primary liver cancers.

In HCC patients, lower numbers of DCs expressing CD83, which is considered a
maturation marker, were observed in tumor lesions, as compared to healthy controls. These
cells localized in non-cancerous cirrhotic nodules and were absent in cancer nodules [174].

In another study, the presence of pDCs and DC-LAMP+ was assessed in lymph nodes
of HCC patients. HCC patients with chronic viral hepatitis showed higher numbers of pDCs
and lower numbers of cDCs in lymph nodes, as compared to healthy controls. However,
the increased numbers of pDCs in lymph nodes was not accompanied by an increased
number of cells producing IFN-α. In these conditions, pDCs preferentially stimulate Th2
or T regulatory differentiation, therefore suppressing the priming of tumor-specific T cells
in hepatic lymph nodes [175]. Increased numbers of pDCs were also observed in the core
lesion of HCC patients, as compared to the tumor-free areas of the liver. Tumor-infiltrating
pDCs were found to co-localize with type 1 regulatory T (Tr1) cells and were the main
population expressing ICOS-L. The interaction of ICOS-L with ICOS, expressed on Tr1,
could induce the activation of Tr1 and their production of IL-10 [176]. All these observations
point to a central role of pDCs in driving tumoral immunosuppression.

In the peripheral blood of HCC patients, several studies observed a reduction in
the percentage of circulating pDCs and cDCs, as compared to healthy controls [177–179].
In particular, Beckebaum et al. [178] observed that HCC patients were characterized by
a reduction in circulating pDCs and both cDC subsets, cDC1s and cDC2s; moreover, all
circulating DC subsets exhibited lower expression of HLA-DR and costimulatory molecules
CD80 and CD86. Compared to healthy subjects, HCC patients presented a higher con-
centration of serum IL-10, which inversely correlated with the number of circulating DC
subsets and their expression of costimulatory molecules, suggesting that circulating DCs
in HCC patients mainly consist of immature cells and that the increased systemic levels
of IL-10 might directly account for the alterations in the frequency and maturity of DC
subsets.

In a different study, however, Ritter et al. observed comparable levels of circulating
pDCs and cDCs in HCC patients, as compared to healthy adults [180]. They hypothesized
that these discrepancies could be based on the Child-Pugh score evaluation of HCC patients,
which was not considered in the other studies mentioned above. This finding suggests that
the Child-Pugh score could be a major factor in DC immunoregulation.

Monocyte-derived DCs obtained from HCC patients resulted in lower expressions of
HLA-DR, CD80, and CD86; lower production of IL-12; and higher production of nitric oxide
(NO), as compared to healthy controls. NO was shown to inhibit T cells proliferation ability
and might be responsible, together with low IL-12 production, for low allo-stimulatory
capacity in allogenic MLR assays [181,182]. Nonetheless, these studies were based on
in vitro generated monocyte-derived DCs, which present significant transcriptional and
functional differences, as compared to the naturally occurring peripheral blood DCs.

In a recent work, Zhang et al. [183] dissected the landscape of immune cells in HCC
patients with single-cell RNA-seq. cDC1s and cDC2s were found to be enriched in HCC
core lesions. Another cluster that did not correspond to any classical DC subsets in the
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blood, LAMP3+ DCs, was enriched in the HCC core lesions. It was characterized by the
expression of maturation markers LAMP3, CD80, and CD83, and by the migration marker
CCR7. The presence of LAMP3+ DCs was validated in other cancer types [184,185] and
in HCC patients with flow cytometry analysis. Altogether, the authors suggested that
LAMP3+ DCs could represent a common subset in tumors that might mature from cDCs
and have the ability to migrate toward lymph nodes. However, further investigations are
needed to elucidate the potential role of this subset in various tumor contexts.

To date, little is known concerning the role of DC subsets in ICC. Lower numbers
of circulating cDCs and reduced frequencies of TNF-α producing pro-inflammatory cells
were observed in ICC patients, as compared to healthy controls [179], promoting a role for
the TME that can influence DCs activity both at the local and systemic level. Indeed, it was
also observed in tumors from the gastrointestinal tract that the tumor-conditioned media
could inhibit TNF-α secretion in moDCs [186].

In another study, CD83+ DCs were mainly found at the invasive front of the tumor.
The number of CD83+ DCs was considered a marker of good prognosis, and their density
positively correlated with the number of CD4+ or CD8+ T cells [187], thus, suggesting that
higher frequencies of mature tumor-infiltrating DCs favor the activation of tumor-specific
immunity.

4.3. NK–DC Crosstalk in Liver Cancer

The NK–DC crosstalk shapes both the innate and adaptive antitumor responses.
However, in primary liver cancers, both populations show various effector dysfunctions,
with the consequent impairment of their reciprocal interaction and tumor control, as
summarized in Table 1.

Table 1. Overview of findings on NK–DC crosstalk in liver cancer.

Pathology Dysfunction Effect Reference

Chronic HCV infection
↑ NKG2A expression and ↑

production of IL-10 and TGF-β by
NK cells

NK cells were not able to activate
DCs [188,189]

HCV infection
Aberrant expression of MICA/B on

DCs due to impaired IL-15
production

↓ NKG2D-mediated NK cell
activation [188,189]

Chronic HBV infection Defective responses of pDCs upon
TLR9 stimulation Aberrant NK cells activation [190]

HCC
↑ sMICA is associated with ↓

NKG2D and impaired activation of
NK cells

Abolished maturation and
activation of DCs [191,192]

HCC AFP inhibits IL-12 production by
DCs

↓ NK cytotoxic activity against
tumor cells [82,193]

HCC

LAMP3+ DCs expressing NECTIN
might interact with DNAM-1

expressed on the blood-circulating
NK cells;

LAMP3+ DCs expressing NECTIN
might interact with TIGIT
expressed on lr-NK cells

Activating signal
Inhibitory signal [183]

ICC ↓ TNF-α-producing DCs Impaired activation of NK cells [179]

HCV = Hepatitis C virus, HBV = Hepatitis B virus, HCC = Hepatocellular carcinoma, and ICC = Intrahepatic cholangiocarcinoma. The ↑
symbol indicates an increase in frequency or expression levels and the ↓ symbol indicates a decrease in frequency or expression levels.

The altered NK–DC interaction is critical for the establishment of chronic HBV and
HCV infections, which are one of the main risk factors for the development of HCC. NK
cells isolated from patients with chronic HCV were not able to activate DCs in contrast
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to NK cells derived from healthy individuals, which instead induced maturation and
activation of DCs [188]. The involved mechanisms possibly rely on a higher expression of
NKG2A and an increase in production of IL-10 and TGF-β by NK cells, when co-cultured
with hepatic cells. Impaired IL-15 production, observed in HCV-infected patients, causes
the aberrant expression of MICA/B on DCs and a subsequent lower NKG2D-mediated NK
cell activation [189].

Activation of pDCs during viral infections regulates IFN-γ production by human NK
cells [190,194]. However, HBV infection is characterized by pDCs with defective responses
to stimulation through the Toll-like receptor 9 (TLR9) ligand with the consequent aberration
of the NK cell response [190].

An increased level of the immunosuppressive cytokine IL-10 characterizes the serum
of HCC patients, which correlates with a decrease in frequency and altered maturation
status of DCs [178]. The reduced number of DCs could be due to their lysis by autologous
NK cells, as DCs exposed to IL-10 were shown to be more susceptible to NK cell killing [195].
Conversely, HCC patients show increased concentrations of the soluble form of MICA
(sMICA), highly expressed on malignant cells in chronic disease [191]. The elevation of
sMICA was associated with downregulated NKG2D expression and impaired activation
of NK cells. Consequently, maturation and activation of DCs were completely abolished
when NK cells were pre-treated with sMICA-containing serum [192]. As already discussed,
chronic exposure to HBV increases TGF-β secretion, which also reduces the expression of
NKG2D on NK cells, thus further impeding their ability to activate DCs [196].

Another molecule involved in the impairment of NK activation is α-fetoprotein (AFP),
a tumor-associated antigen in HCC. Yamamoto et al. showed that AFP inhibits the produc-
tion of IL-12 by DCs, which subsequently reduces the NK cytotoxic activity against tumor
cells [193]. Moreover, AFP affected DC maturation, thus suggesting that high levels of AFP
on the tumor side might induce killing of iDCs by NK cells, as mentioned above [82].

Recently, further exploration of the NK–DC interaction in HCC was extended to single-
cell analysis using RNA-seq technology. By assessing the ligand–receptor pairs, it was
predicted that LAMP3+ DCs could interact with NK cells via IL-15 and NECTIN, encoded
by the NECTIN2 gene [183]. Interestingly, NECTIN expressed on LAMP3+ DCs might
interact with DNAM-1 (CD226) expressed on the blood-circulating NK cells, conferring an
activating signal. Conversely, LAMP3+ DCs expressing NECTIN might interact with TIGIT
expressed on lr-NK cells, conferring an inhibitory signal. This suggests that LAMP3+ DCs
might regulate distinct NK cell subsets toward opposite directions.

The knowledge of the NK–DC crosstalk in ICC patients is still limited; however,
the decreased frequency of TNF-α-producing DCs suggests a possible impairment in
the activation of NK cells [179]. However, more studies are needed to investigate the
interactions between NK cells and DCs in this primary liver tumor.

Although a number of pathways and mechanisms exist for NK–DC interactions and re-
ciprocal regulation during immune challenge, liver cancer induces profound dysregulation
of both populations; summarized in Figure 2.
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5. Implications of NK–DC Crosstalk in Liver Cancer Immunotherapy

In the past decade, cancer immunotherapy produced an epochal change in the on-
cological treatment landscape. Several immunotherapeutic strategies were used to treat
liver cancer, with most approaches focused on rescuing T cells from exhaustion, to unleash
tumor-specific immune responses (reviewed in [197]). In particular, several clinical trials
investigated the efficacy of mAbs directed against cytotoxic T lymphocyte antigen-4 (CTLA-
4), or against PD-1 or its ligand (PD-L1) in HCC patients. Despite encouraging responses
observed in phase I/II studies, subsequent phase III trials failed to meet their primary
survival endpoints [198]. Yet, the combination of anti-PD-L1 with antibodies directed
against vascular endothelial growth factor (VEGF), which sustains tumor angiogenesis and
mediates immunosuppression in the TME, succeeded in a phase III trial. Its efficacy and
safety in different subgroups of HCC patients is currently under investigation (reviewed
in [198]). The clinical data on immunotherapy in ICC are limited, and a number of clinical
trials evaluating checkpoint inhibition combined with other therapeutic approaches are
ongoing (reviewed in [199]). Notably, the safety of immune checkpoint blockade in ICC
patients remains uncertain, as the risk of immune-mediated hepatobiliary toxicity might be
high in these patients, due to their prevalent hepatic dysfunction and propensity for biliary
obstruction. The compelling evidence of the critical role played by NK cells in liver cancer
suggests that HCC and ICC might be an ideal target for NK-cell-based immunotherapies as
well. Accordingly, as extensively reviewed elsewhere, recent studies and clinical trials used
NK-cell-based strategies in liver cancer patients, including the administration of molecules
that activate NK cell functions, the adoptive transfer of activated NK cells, and the use of
mAbs that block the interaction between inhibitory receptors and their ligands [200,201].
As shown in Figure 3, under the effects of these therapeutic approaches, NK cells undergo
upregulation of molecules involved in cytotoxic activity (including perforin, granzymes,
and the cytotoxic receptor NKp46), increase the secretion of IFN-γ and TNF-α, upregulate
the expression of the adhesion molecule LFA-1, and antagonize the expression of inhibitory
molecules, including NKG2A. Interventions aimed at activating the NKG2D–MICA/B axis
and delivering IL-15 to stimulate effector NK cells might represent other novel and inter-
esting approaches [202]. All these NK-targeting strategies, used alone or in combination
with other treatments, are expected to increase the number and the activation of NK cells
at the tumor site.

DC-targeting immunotherapeutic strategies include DC vaccination, in vivo DC ex-
pansion, and in vivo DC reprogramming [203]. DC vaccination with exogenously expanded
and activated autologous DCs was proven to have low toxicity but low efficacy in advanced
HCC in different clinical trials, likely because the immunosuppressive TME circumvents
the effects of immunotherapy [204–206]. Oncolytic immunotherapies, aimed at recruiting
and activating DCs at the tumor site and triggering antitumor immune responses, provided
disappointing results in HCC patients [204]. Increasing the number of tumor-infiltrating
DCs by promoting DC expansion in vivo is an alternative approach for increasing DC
function in antitumor immune responses. Indeed, the systemic administration of Flt3L
was demonstrated to induce the systemic expansion of cDC1s in preclinical studies, and is
currently under investigation in patients with breast cancer and lymphoma [203]. In vivo
DC reprogramming could be achieved either by providing activatory signals or by blocking
inhibitory signals. As DC subsets display differential TLR expression patterns [207], acti-
vation with TLR ligands allows the preferential activation of single DC subsets, although
crosstalk between DC subsets is emerging to contribute significantly to antitumor immune
responses [47]. Another activatory stimulus currently under investigation in preclinical
models and clinical trials is represented by stimulator of interferon genes (STING) [203].
Inhibitory signals that can be targeted in order to reprogram in vivo DCs include VEGF,
IL-10, and IDO. As DCs express immune checkpoints on their surface [55], immune check-
point blockers targeting PD-1/PD-L1 and TIM-3 might also exert their efficacy in activating
antitumor immune responses by in vivo DC reprogramming. The efficacy of these im-
munotherapeutic approaches in patients with liver cancer still needs to be investigated.



Cancers 2021, 13, 2184 16 of 27

Cancers 2021, 13, x FOR PEER REVIEW 15 of 27 
 

cancer, with most approaches focused on rescuing T cells from exhaustion, to unleash 
tumor-specific immune responses (reviewed in [197]). In particular, several clinical trials 
investigated the efficacy of mAbs directed against cytotoxic T lymphocyte antigen-4 
(CTLA- 4), or against PD-1 or its ligand (PD-L1) in HCC patients. Despite encouraging 
responses observed in phase I/II studies, subsequent phase III trials failed to meet their 
primary survival endpoints [198]. Yet, the combination of anti-PD-L1 with antibodies di-
rected against vascular endothelial growth factor (VEGF), which sustains tumor angio-
genesis and mediates immunosuppression in the TME, succeeded in a phase III trial. Its 
efficacy and safety in different subgroups of HCC patients is currently under investigation 
(reviewed in [198]). The clinical data on immunotherapy in ICC are limited, and a number 
of clinical trials evaluating checkpoint inhibition combined with other therapeutic ap-
proaches are ongoing (reviewed in [199]). Notably, the safety of immune checkpoint 
blockade in ICC patients remains uncertain, as the risk of immune-mediated hepatobiliary 
toxicity might be high in these patients, due to their prevalent hepatic dysfunction and 
propensity for biliary obstruction. The compelling evidence of the critical role played by 
NK cells in liver cancer suggests that HCC and ICC might be an ideal target for NK-cell-
based immunotherapies as well. Accordingly, as extensively reviewed elsewhere, recent 
studies and clinical trials used NK-cell-based strategies in liver cancer patients, including 
the administration of molecules that activate NK cell functions, the adoptive transfer of 
activated NK cells, and the use of mAbs that block the interaction between inhibitory re-
ceptors and their ligands [200,201]. As shown in Figure 3, under the effects of these ther-
apeutic approaches, NK cells undergo upregulation of molecules involved in cytotoxic 
activity (including perforin, granzymes, and the cytotoxic receptor NKp46), increase the 
secretion of IFN-γ and TNF-α, upregulate the expression of the adhesion molecule LFA-1, 
and antagonize the expression of inhibitory molecules, including NKG2A. Interventions 
aimed at activating the NKG2D–MICA/B axis and delivering IL-15 to stimulate effector 
NK cells might represent other novel and interesting approaches [202]. All these NK-tar-
geting strategies, used alone or in combination with other treatments, are expected to in-
crease the number and the activation of NK cells at the tumor site. 

 

Figure 3. Implications of NK–DC crosstalk in liver cancer immunotherapy. Several immunotherapeutic approaches based on
the administration of CAR-NK cells, allogenic or autologous NK cells or DC-vaccines are used in cancer patients to activate
innate immune responses against tumor cells. The NK cell activation could also be reached through the administration of
TLR agonists, like IQ and GDQ, which are, respectively, TLR7 and TLR7/8 agonists. NK cell activation on one hand leads
to DC maturation, and on the other hand it is enhanced by the interaction with DCs, which in turn are activated by TLR
agonists or STING. This bilateral activation involves the upregulation of CD69, CD25, NKp46, NKG2D, and the release of
lytic enzymes (e.g., GZMB and PFN) by NK cells. On the other hand, activated DCs undergo upregulation of costimulatory
molecules, NKG2D ligands (e.g., MICA/B) and an increased release of IFN-α, which in a positive loop, also contributes to
the production of IL-12 that activates NK cells to produce high levels of IFN-γ and TNF-α. In addition, IL-15 and IL-18
sustain NK cell survival and activation that are also favored by the direct contact between NK cells and DCs through the
interaction between NKG2D and its ligands, and LFA and ICAM-1, on NK cell and DC surface, respectively. Moreover,
the reciprocal recruitment of both cellular populations is supported by the production of CXCL9 and CXCL10 by DCs and
CCL5, XCL1, and XCL2 by NK cells. Other immunotherapeutic approaches, aimed at blocking inhibitory receptors, like
the NKG2A, iKIRs, and the PD-1/PD-L1 axis, favor the activation of NK cells, consequently allowing DC maturation and
activation, which could be also enhanced by the administration of immune checkpoint inhibitors against PD-1/PD-L1 or
TIM-3. [CAR-NK cells, Chimeric Antigen Receptor natural killer cells; CCL5, C-C Motif Chemokine Ligand 5; CXCL10,
Chemokine (C-X-C motif) ligand 10; CXCL9, Chemokine (C-X-C motif) ligand 9; DCs, dendritic cells; GDQ, Gardiquimod;
GZMB, granzyme B; HLA-E, Major Histocompatibility Complex, Class I, E; IFN-α, interferon α; IFN-β, interferon β;
IFN-γ, interferon γ; IL-12, interleukin 12; IL-15, interleukin 15; IL-15R, interleukin 15 receptor; IL-18, interleukin 18; iKIRs,
inhibitory Killer-cell immunoglobulin-like receptors; MICA/B, MHC class-I-related protein A/B; IQ, Imiquimod; NK cells,
natural killer cells; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PFN, perforin; STING,
stimulator of interferon genes; TIM-3, T-cell immunoglobulin domain and mucin domain 3; TLR, toll-like receptor; TNF-α,
tumor necrosis factor α; XCL1, Chemokine (C motif) ligand 1; XCL2, Chemokine (C motif) ligand 2; and XCR1, X-C Motif
Chemokine Receptor 1]. Created with BioRender.com (accessed on 16 March 2021).

Although there is no direct evidence of the impact of NK- and DC-targeting im-
munotherapeutic approaches in NK–DC crosstalk in liver cancer, according to the above-
described interactions occurring between NK cells and DCs in the liver, the effects of
NK-targeting therapies on NK cells are expected to positively affect the recruitment and
activation of DCs in the HCC and ICC TME. As recapitulated in Figure 3, activated NK
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cells can attract cDC1s through the production of CCL5, XCL1, and XCL2 [208]. Increased
numbers of activated cDC1s in the TME can, in turn, sustain the recruitment and activation
of other NK cells through the local release of IL-12, CXCL9, and CXCL10 [47,209]. On the
other hand, the effects of DC-targeting immunotherapies on DCs are expected to positively
affect the recruitment and activation of NK cells in the TME, through the production of
IL-12, IL-18, and type I IFNs by DCs [59,67], through IL-15 trans-presentation [68–70], and
through cell-to-cell contacts [67,69]. Indeed, a role for NK cells as helper cells in DC cancer
vaccines was reported [210]. Relevant to liver cancer, a positive impact of DC vaccines
on NK cells, characterized by increased expression of the activation markers CD25 and
CD69 on circulating NK cells, was also reported in murine models of liver cancer [211–213]
and in HCC patients [214]. Therefore, as summarized in Figure 3, there is increasing evi-
dence that the activation of NK cells induced by NK-targeting strategies not only directly
increases tumor cell killing by NK cells but also enhances antitumor adaptive immunity
by promoting DC activation and the killing of immature DCs [215]. On the other hand,
the activation of DCs induced by DC-targeting strategies not only directly increased the
antigen-presenting function of DCs thus potentiating tumor-specific cytotoxic responses,
but also potentiated the tumor killing function of NK cells [214]. In this scenario, combining
the use of NK-targeting and DC-targeting approaches might represent a further strategy
that might succeed to possibly overcome immunotherapy resistance in liver cancer patients.

6. Conclusions

Future studies would help increase our knowledge of the multiple interactions oc-
curring between NK cells and DCs in liver cancer. The use of the highest-resolution
methods for assessing the total cellular composition, the functional status, and the cellular
localization of immune cells in the TME will allow the full characterization of NK–DC
crosstalk, and the comprehension of its role in liver cancer development and the response
to immunotherapeutic treatment.
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AFP α-fetoprotein
APCs Antigen presenting cells
CADM1 Cell adhesion molecule 1
cDCs Conventional dendritic cells
CMV Cytomegalovirus
CpG-ODN CpG-oligodeoxynucleotide
CTL Cytotoxic T lymphocyte
DAMPs Damage-associated molecular patterns
DC Dendritic cell
EGFR Epidermal growth factor receptor
GITRL Glucocorticoid-induced tumor necrosis factor receptor
Haplo-HSCT Haploidentical hematopoietic stem cell transplant
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
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HCV Hepatitis C virus
HLA Human leukocyte antigen
HSV-1 Herpes simplex virus type 1
ICC Intrahepatic cholangiocarcinoma
iDCs Immature dendritic cells
IDO Indoleamine 2,3-dioxygenase
IFN Interferon
ILs Interleukins
KCs Kupffer cells
KIRs Killer immunoglobulin-like receptors
LPS Lipopolysaccharide
Lr-NK cells Liver NK cells
mAb Monoclonal antibody
MHC-I Major histocompatibility complex class I
MICA/B MHC-I-chain related protein A/B
MLR Mixed lymphocytes reaction
NCRs Natural cytotoxicity receptors
NK Natural Killer
NKRs NK receptors
NO Nitric oxide
PAMPs Pathogen-associated molecular patterns
PD-1 Programmed cell death protein
pDCs Plasmacytoid dendritic cells
PGE2 Prostaglandin E2
PRRs Pattern recognition receptors
SCs Stellate cells
SLAN 6-sulfo LacNac
SNPs Single nucleotide polimorphism
TFs Transcription factors
TGF-β Tumor growth factor beta
Th T helper
TLR Toll-like receptor
TLS Tertiary lymphoid structures
TME Tumor microenvironoment
TNF-α Tumor necrosis factor alfa
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