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Abstract: Invariant natural killer T (iNKT) cells are CD1d-restricted, lipid-reactive T cells that exhibit
preponderant immunomodulatory properties. The ultimate protective or deleterious functions
displayed by iNKT cells in tissues are known to be partially shaped by the interactions they establish
with other immune cells. In particular, the iNKT cell–macrophage crosstalk has gained growing
interest over the past two decades. Accumulating evidence has highlighted that this immune axis
plays central roles not only in maintaining homeostasis but also during the development of several
pathologies. Hence, this review summarizes the reported features of the iNKT cell–macrophage axis
in health and disease. We discuss the pathophysiological significance of this interplay and provide an
overview of how both cells communicate with each other to regulate disease onset and progression
in the context of infection, obesity, sterile inflammation, cancer and autoimmunity.
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1. Introduction

Natural Killer T (NKT) cells constitute a distinct population of circulating and tissue-
resident effector T cells that are CD1d-restricted and whose T-cell receptor (TCR) recognizes
lipid antigens. CD1d is a non-polymorphic major histocompatibility complex (MHC)
class I-like protein expressed by antigen-presenting cells (APCs) and is required for lipid
antigen presentation to NKT cells [1–3]. NKT cells can be subdivided into two distinct
populations according to their TCR repertoire: (i) type I, or invariant NKT (iNKT) cells,
which express a semi-invariant TCR; and (ii) type II, characterized by TCR polyclonal-
ity [1]. In mice, iNKT TCR uses the Vα14Jα18 chain paired with a limited number of Vβ

chains, which are typically Vβ2, Vβ7, or Vβ8, whereas in humans, iNKT TCR is predomi-
nantly Vα24Jα18/Vβ11 [1,4–6]. Unlike type II NKT cells, iNKT cells are also characterized
by their reactivity to the lipid antigen α-Galactosylceramide (α-GalCer) [2], hence fre-
quently detected through the usage of CD1d dimers or tetramers loaded with α-GalCer
or analogues [7,8]. In addition, human iNKT cells can also be detected based on their
double positivity for anti-Vα24 and anti-Vβ11 antibodies [7–9]. However, this approach
exhibits some limitations, given that there are reports of non-invariant, non-CD1d-restricted
Vα24+Vβ11+ cells [9]. Hence, to surpass this lack of specificity, another approach has been
developed to identify human iNKT cells, consisting of the 6B11 antibody, which is specific
for the CDR3 region on the semi-invariant TCR [8,9].
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iNKT cells originate in the thymus, arising from the same lymphoid precursors as
MHC-restricted T cells, and are mainly non-circulating, tissue-resident cells [1,10,11]. How-
ever, unlike conventional T cells, iNKT cells migrating from the thymus already exhibit
a memory/effector phenotype [12]. Murine iNKT cells are classified into three distinct
functional subsets (NKT1, NKT2 and NKT17), resembling the well-described Th1, Th2 and
Th17 subpopulations of CD4+ T cells [10].

iNKT cells recognize both endogenous and exogenous lipids and are strongly activated
in a TCR-dependent manner upon recognition of lipid-loaded CD1d complexes [10,13]. In
addition, iNKT cell activation can also occur in a TCR-independent manner in response
to APC-derived IL-12 and IL-18 [14–17]. Upon activation, iNKT cells display innate-like
properties and rapidly secrete great amounts of Th1- and Th2-like cytokines, including IFN-
γ, IL-4 and GM-CSF, which may, in turn, modulate APC activation [12,13,18]. Along with
their diverse cytokine profile, iNKT cells also exhibit potent cytolytic activity supported by
the release of cytotoxic granules containing perforin and granzyme or by activation of death
receptor pathways involving Fas-FasL and TRAIL-DR5 interactions [19–21]. Furthermore,
iNKT cells trigger transactivation of other immune cells, including natural killer (NK)
cells, macrophages, dendritic cells (DCs), and B and T lymphocytes [15,22–25]. Hence, the
ultimate protective or pathological functions displayed by iNKT cells in tissues are shaped
by the pro- or anti-inflammatory nature of their secreted cytokines, their cytotoxic functions
and the interactions they establish with other immune cells [12,18].

More specifically, iNKT cell–macrophage crosstalk has gained growing interest in
the past decades. Macrophages are remarkably plastic and heterogeneous cells whose
activation state, phenotypic signature and inflammatory profile change in response to
distinct signaling cues in the local microenvironment [26–28]. Due to this, macrophages
fall within a continuum spectrum of activated phenotypes [29]. Nevertheless, two distinct
macrophage populations are frequently considered: (i) M1-like macrophages, characterized
by strong secretion of pro-inflammatory cytokines (such as IL-12, IL-6, TNF-α and IL-1β),
Th1-attracting chemokines and reactive oxygen and nitrogen species [26–28,30,31]; and (ii)
M2-like macrophages, exhibiting an anti-inflammatory profile marked by production of
the immunosuppressive cytokines IL-10 and TGF-β, the chemokines CCL17, CCL18 and
CCL22, and extracellular matrix-related proteins [26,28,32,33]. Murine macrophages are
generally identified according to their expression of distinct cell surface markers, including
CD11b, CD68, F4/80 and Ly-6C, whereas human macrophages exhibit expression of CD14,
CD11b, CD16 and CD68, among others [34,35]. Macrophages are critically involved in
inflammation, pathogen clearance, tissue repair and immunomodulation and seem to play
bimodal roles in health and disease [12,28,36]. Importantly, it is becoming increasingly
evident that communication between iNKT cells and macrophages may play deleterious or
protective roles in several diseases. Hence, this review will cover the pathophysiological
significance of the iNKT cell–macrophage axis, particularly in the context of infection,
obesity, sterile inflammation, cancer and autoimmunity.

2. The iNKT Cell–Macrophage Axis

The crosstalk between iNKT cells and CD1d-expressing myeloid cells is supported
not only by the engagement of the semi-invariant TCR with lipid-loaded CD1d molecules
expressed at the APC surface but also by the co-stimulatory axes of CD40-CD40L and
CD80/CD86-CD28 and by pro- and anti-inflammatory cytokines secreted by both
cells [20,37,38].

Importantly, the nature of the iNKT cell–macrophage intercellular communication
is bidirectional. Firstly, as competent APCs, macrophages can present lipid antigens
loaded on CD1d molecules to activate iNKT cells, ultimately modulating the immune
responses displayed by iNKT cells in tissues. On the other hand, activated iNKT cells are
simultaneously able to modulate macrophage activation and polarization, altering their
phenotypic and functional properties [39]. The latter effect is mostly dependent on the
panel of cytokines secreted by activated iNKT cells [39].
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2.1. The iNKT Cell–Macrophage Axis in Homeostasis

Key features of lipid antigen presentation by macrophages to iNKT cells in steady
state have been reported in both primary (thymus) and secondary lymphoid (lymph nodes,
spleen and mucosal tissues), as well as in non-lymphoid tissues, including the liver and the
adipose tissue.

Regarding the thymus, a recent report described that TCR engagement by CD1d-
expressing macrophages assures steady-state IL-4 production by NKT2 cells in the thymic
medulla [35]. By selectively abrogating CD1d expression on thymic CD11c+ cells or de-
pleting thymic F4/80+ Mertk+ macrophages through a diphtheria toxin-based approach,
Wang et al. observed significant decreases in NKT2 abundance and IL-4 production by
these cells in thymus medulla. These experiments provided evidence for the pivotal roles
of macrophages in the activation and acquisition of effector functions by thymic iNKT
cells [40].

Accumulating evidence has reinforced that macrophages also serve as crucial APCs
to modulate iNKT cell activation in secondary lymphoid tissues. In mice, adoptively
transferred iNKT cells were shown to preferentially populate the paracortical region of
lymph nodes [41]. There, subcapsular sinus (SCS) CD169+ macrophages were reported to
retain, internalize and present particular lipid antigens in a CD1d-restricted manner to iNKT
cells. Hence, lymph-node-resident macrophages seem to be critical participants in iNKT
cell early activation, cytokine secretion and expansion in the lymph nodes [41]. Accordingly,
in vivo targeted delivery of liposomes containing α-GalCer to CD169+ macrophages via
CD169-mediated endocytosis prompted strong IFN-γ and IL-4 production by splenic and
hepatic iNKT cells [42]. In fact, depletion of CD169+ macrophages prevented α-GalCer-
driven iNKT cell activation in both the spleen [42] and draining lymph nodes [41,43].

In the spleen, iNKT cells (endogenous or adoptively transferred) locate to both splenic-
red-pulp (RP) and marginal-zone (MZ) compartments [44]. However, iNKT cells have been
shown to relocate preferentially into the antigen-rich MZ upon intravenous administration
of α-GalCer or GalA-GSL (an iNKT cell-glycosphingolipid antigen expressed by Sphin-
gomonas bacteria), either in soluble [45] or particulate form [44]. This relocation to the MZ
did not occur after IL-12 or IL-18 administration [45]. Whereas lipid immunization acti-
vated splenic iNKT cells to produce IFN-γ and IL-4, this effect was diminished following
depletion of splenic CD11c+ cells, including both DCs and macrophages [44]. Splenic DCs
and MZ SIGN-R1+ macrophages express CD1d and are capable of presenting particulate
lipids in vitro to induce iNKT cell activation [44].

On another note, expression of proteins associated with lipid homeostasis by splenic
macrophages is also suggested as a factor contributing to macrophage-mediated activation
of iNKT cells in the spleen [46]. Splenic F4/80+ macrophages exhibit the highest expres-
sion levels of low-density lipoprotein-receptor-related protein (LRP), which is involved
in lipoprotein metabolism, in comparison with DCs, B cells and T cells [46]. Although
macrophage-specific LRP deficiency did not affect iNKT cell activation in vitro, it impaired
in vivo α-GalCer-stimulated splenic iNKT cells to secrete IL-4 but not IFN-γ [46]. Alto-
gether, these data point to macrophages playing fundamental roles in iNKT cell activation
in secondary lymphoid tissues.

iNKT cells are known to be crucial regulators of mucosal immunity [47,48], and recent
research has emphasized the contribution of intestinal APCs in the immunomodulatory
roles of iNKT cells. Intestinal CD1d-expressing CD11c+ myeloid cells, comprising both
DCs and macrophages, present lipids to activate gut-associated iNKT cells, differentially
controlling the abundance of each iNKT cell subset in the intestine [49]. Moreover, intestinal
bacteria composition and compartmentalization, as well as IgA repertoire, differed between
CD1d−/− mice and WT or CD1d+/− littermate controls, thus indicating that iNKT cells
and CD1d expression control intestinal microbiota and homeostasis [49]. Supporting
the relevance of the interactions between iNKT cells and CD1d-expressing myeloid cells
in the intestine, Gensollen et al. recently reported that murine embryonic-, and non-
bone-marrow-derived macrophages regulate the local establishment of iNKT cells in the



Int. J. Mol. Sci. 2022, 23, 1640 4 of 19

colon during early periods of life, associated with susceptibility or resistance to iNKT
cell-associated mucosal disorders in later life [50]. In transgenic mouse models in which
macrophages express the diphtheria toxin receptor (DTR), depletion of splenic and colonic
macrophages through administration of the diphtheria toxin resulted in reduced numbers
and proliferative capacity of splenic and colon-resident iNKT cells. Moreover, macrophage-
mediated regulation of colonic but not of splenic iNKT cell abundance was temporally
restricted to the first 11 days post-birth [50].

Distinct roles of this interplay have also been described under homeostatic conditions
in non-lymphoid tissues, including the liver and the adipose tissue. Both iNKT cells and
macrophages can be found in the liver. Although in mice, iNKT cells are particularly
enriched in the liver [1,10], their abundance in the human liver is not elevated [10]. On the
other hand, liver-resident Kupffer cells (KCs) are specialized macrophages that originate
from the yolk sac during embryonic development and represent 80–90% of tissue-resident
macrophages in the body [51,52]. Considering the preferential distribution of mouse iNKT
cells and KCs in the liver, one could hypothesize that the macrophage–iNKT cell axis
may also be particularly relevant in this organ. Indeed, CD1d-expressing KCs have been
identified as key APCs in the activation of iNKT cells in the liver [53]. KC depletion through
clodronate liposome injection impaired α-GalCer-stimulated IL-4 and IFN-γ production
by hepatic but not by splenic iNKT cells [53], once again underpinning that liver-tissue-
resident macrophages present lipid antigens to activate iNKT cells.

Finally, adipose-tissue-resident iNKT cells were demonstrated to modulate macrophage
phenotype. Adipose tissue iNKT cells and macrophages co-localized following α-GalCer
immunization [54]. A-GalCer stimulation resulted in increased numbers of adipose-resident
CD206+ and CD301+ M2 macrophages via iNKT-derived IL-10 [54]. Thus, IL-10-producing
iNKT cells promote M2 polarization in steady-state adipose tissue. Supporting these
iNKT-mediated effects on macrophage polarization, other researchers have described
that cytokines secreted by iNKT cells differently regulate the inflammatory properties
of macrophages. When co-culturing murine iNKT cells and peritoneal macrophages,
GM-CSF secreted by iNKT cells upon activation induced macrophages to produce IL-1β,
whereas iNKT-derived IL-4 had the opposite effect of decreasing IL-1β production by
macrophages [55].

Collectively, these data unravel the importance of the communication between iNKT
cells and macrophages in maintaining tissue immunological homeostasis.

2.2. The iNKT Cell–Macrophage Axis in Infection

In the context of infection, there is no consensus regarding the outcome of iNKT
cell–macrophage interactions since it seems to be highly dependent on the aggressor. Data
suggest that this crosstalk relies mostly on antigen presentation by CD1d and, in some
cases, on innate-like mechanisms that will be further discussed and summarized in Table 1
and Figure 1A.

iNKT cells were proposed to alter macrophage phagocytic capacity [56] and pheno-
typic profiles [57] of peritoneal macrophages in murine models of sepsis. Heffernan et al.
described that iNKT cells migrated from the liver into the peritoneum, tuning phagocytic
functions of macrophages. It is worth mentioning that this migration was reported to
be affected by programmed cell death-1 receptor (PD-1) expression [56]. PD-1 was later
confirmed as a checkpoint for iNKT cells that influences phenotypic changes in peritoneal
macrophages in another septic mouse model. After sepsis, PD-1-driven iNKT cells induce
low expression of Ly6C, a marker of macrophage activation and transmigration ability,
whereas the absence of these T cells led to high Ly6C expression [57]. In another mouse
model for septic shock, iNKT cells were shown to be reduced in the liver, although they
were more activated. Additionally, sepsis induced higher expression of IL-6 and IL-10
by liver macrophages, with in vivo blocking of CD1d leading to reduction of IL-6 and
augmentation of IL-10 systemic levels, further improving survival rates [58].
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Figure 1. iNKT cells and macrophages interact under different pathological contexts. This crosstalk
primarily involves the recognition of antigen-loaded CD1d molecules by the iNKT cell TCR, followed
by the exchange of cytokines and the interplay of other effector molecules that are specific to each
paradigm. (A) The outcome of interactions between iNKT cells and macrophages in infectious
environments. (B) The outcome of interactions between iNKT cells and macrophages in obesity.
(C) iNKT cells and macrophages interact differently under distinct sterile inflammatory conditions.
(D) The iNKT cell–macrophage axis in the context of cancer. (E) The outcome of the interplay between
iNKT cells and macrophages in autoimmunity. Created with BioRender.com in 22 January, 2022. PFN:
perforin; GzmB: granzyme B; GNLY: granulysin; MS: Multiple sclerosis; T1D: type I diabetes; RA:
rheumatoid arthritis.

The IL-10/iNKT axis seems to have an opposite effect in other infections. Infection by
Candida albicans was shown to be more severe in the presence of activated iNKT cells [59].
Haraguchi et al. demonstrated that mice lacking iNKT cells turned out to be more resistant
to the development of lethal candidiasis. These mice exhibited increased numbers of
infiltrating phagocytic cells that secreted high concentrations of IL-1β and IL-18, contrasting
with the high levels of IL-10 reported in WT mice [59]. Indeed, in vitro co-cultures validated
that the production of IL-10 from infected macrophages was increased in the presence of
iNKT cells, whereas the production of IL-1β and IL-18 was diminished. This phenomenon
was ultimately confirmed, as susceptibility to C. albicans in Ja18 KO mice was restored
following adoptive transfer of iNKT cells or IL-10 administration, indicating that iNKT
cells modulate IL-10 production by macrophages [59]. Furthermore, in cases of C. albicans
infection post-sepsis, in both mice and patients, iNKT cells were suggested to impair
macrophage phagocytic capacity due to increased production of IFN-γ [60]. Transcriptomic
analysis and in vivo experiments clarified that iNKT cells induced activation of mTORC1
signaling in NK cells, increasing IFN-γ production. At last, macrophage phagocytosis was
suppressed, worsening both clearance of secondary infection and survival [60].

The outcome upon Leishmania donovani infection depends highly on the origin of the
macrophages. Beattie et al. described enhanced iNKT cell activation in the presence of
infected KCs [61], whereas Karmakar et al. reported an impairment of this activation
in infected splenic macrophages [62,63]. In both reports, interesting mechanisms were
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enlightened by the authors. In mice, infection of KCs by L. donovani was observed to
enhance hepatic iNKT cell activation by a mechanism that involved the interaction of
signal-regulatory protein α (SIPRα) and the “don’t eat me” receptor, CD47 [61]. Using
a CD47 KO mouse model, Beattie et al. showed that hepatic iNKT cells had a defective
response to L. donovani infection, producing lower levels of IFN-γ [61]. Oppositely, splenic
macrophages infected with L. donovani failed to activate iNKT cells [62]. This impairment
could be corrected by treating cells with glycosphingophospholipid (GSPL), a stimulatory
L. donovani antigen, in a process that required presentation by CD1d [62]. Later, it was also
demonstrated that GSPL could simultaneously bind TLR4 on the APC, inducing IFN-γ
production [63]. These data show that CD47 stands as an important player in hepatic iNKT
cell activation [61], whereas TLR4 is crucial for splenic iNKT activation [63].

Another mechanism of KC–iNKT cell interaction was studied in a Borrelia burgdorferi
infected mouse model. In this model, KCs induced iNKT cell clustering mediated by the
chemokine receptor CXCR3 [64]. This crosstalk depended on CD1d and culminated in
iNKT cell activation. The absence of iNKT cells caused a more efficient dissemination of
B. burgdorferi, which escaped immunosurveillance and survived in the liver parenchyma.
These results highlighted the importance of both cells in reducing diffusion of B. burgdor-
feri [64]. Moreover, in mice infected with Listeria monocytogenes, iNKT cells and macrophages
seemed to join forces and ameliorate listeriosis [65]. Herein, activation of iNKT cells via
α-GalCer improved the phagocytic and bactericidal activities of peritoneal macrophages
via IFN-γ and nitric oxide (NO) production. This bactericidal function could be abrogated
or partially abolished by blocking IFN-γ or NO, respectively [65].

In the lungs, the macrophage–iNKT cell axis has been implicated in several airway
infections caused by Mycobacterium tuberculosis (Mtb) [66–68], Pseudomonas aeruginosa [69],
Streptococcus pneumoniae [70] and influenza virus [71,72]. Although distinct in vitro studies
using mouse and human cells showed that iNKT cells were activated by Mtb-infected
macrophages via CD1d, IL-12 and IL-18 [66–68], iNKT-mediated suppression of bacterial
growth was shown to be CD1d-dependent but did not require IL-12, IL-18 or IFN-γ [68].
Instead, iNKT cells were reported to express granulysin [66] and secrete GM-CSF in a
CD1d-dependent manner [68]. When tested in vivo, both transfer of NKT cells into infected
mice [67] and GM-CSF alone [68] were sufficient to control Mtb growth. Similarly, in a
mouse model of pneumonia due to P. aeruginosa infection, α-GalCer-driven activation of
iNKT cells enhanced phagocytosis by alveolar macrophages and consequent pathogen
clearance [69]. In addition, an in vivo study of S. pneumoniae infection showed that Mrp1
deficiencies in macrophages reduced CD1d clustering at the cell surface, inducing lower ac-
tivation of iNKT cells and resulting in increased mortality associated with the infection [70].

Activated iNKT cells were also shown to control influenza A infection through mecha-
nisms involving recruitment of neutrophils, macrophages, monocytes and B cells [71–73].
Ho et al. demonstrated in mice that iNKT cell activation induced by α-GalCer enhanced
early innate immune response, suggesting a possible migration of hepatic iNKT cells to
the lungs upon α-GalCer administration [71]. In the same line, NKT cell activation was
reported to result in an early wave of IL-4 secretion upon their relocation near lymph-node-
resident macrophages and consequent priming. Induction of IL-4 required both CD1d and
IL-18 [73]. Overall, iNKT cells were associated with a better survival rate in influenza-
A-infected mice and efficiently killed human monocytes infected with influenza A [72].
Furthermore, development of Sendai virus (SeV)-induced chronic airway inflammation
seemed to be potentiated by macrophage-derived IL-13 previously prompted by iNKT cells
in mice [74]. Interestingly, in the lung tissue of patients with chronic airway inflammation,
IL-13+ cells were identified as macrophages based on morphology and CD68 expression.
CD68+IL-13+ cells were found to be abundant in these patients, correlating positively with
increased numbers of Vα24+ cells identified in the lung tissue [74].

The macrophage–iNKT interaction was also studied in other contexts of infection.
In mice infected with Bacillus anthracis, α-GalCer administration delayed bacterial sys-
temic dissemination and increased survival rate [43]. Interestingly, depletion of CD169+
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macrophages from the subcapsular sinus correlated with impaired iNKT cell activation in
the lymph nodes. This impairment was associated with enhanced B. anthracis dissemination
out of the lymph nodes [43]. Moreover, to understand the interaction between macrophages
and iNKT cells during enterovirus 71 (EV71) infection, experiments were performed in
newborn mice, since this virus mainly affects infants [75]. In mice that were infected with
EV71 at different days during the first 2 weeks of life, the survival rate was very poor
when mice were infected before day 7, which was the day iNKT cells developed in this
model. When mice were infected after iNKT cell development, the survival rate improved
considerably. The later the day of infection, the better the survival rate [75]. Zhu et al. also
correlated susceptibility to EV71 infection with low numbers of iNKT cells, and splenic and
hepatic iNKT cells upregulated activation markers after EV71 activation. This activation
was due to TLR3-dependent activation of macrophages rather than DCs and required
endogenous CD1d ligands and IL-12 to reach their peak. In this mouse model, iNKT cells
were also suggested to protect the central nervous system from EV71 dissemination and to
be crucial antiviral effectors against EV71 infection before the adaptive immune system
becomes fully functional in mice [75].

Lastly, the iNKT cell–macrophage crosstalk was also investigated in a human in vitro
model of Brucella suis infection [76]. Human CD4+ iNKT cells were shown to impair the
intramacrophagic growth of Brucella suis through several mechanisms. This effect was
suggested to mainly depend on contact interactions between iNKT cells and macrophages,
such as induction of the Fas pathway and release of lytic granules. Unlike IL-4 or TNF-α,
IFN-γ also seems to have some relevance in this protective role. Evidence suggested CD4+

iNKT cells interact with macrophages via CD1d, eliminating bacteria or controlling their
growth by killing their host, namely macrophages [76].

2.3. The iNKT Cell–Macrophage Axis in Obesity

iNKT cell–macrophage crosstalk has been extensively studied in the adipose tissue,
where it was shown to influence the overall inflammatory status and ultimately modu-
late glucose homeostasis and insulin resistance processes, as summarized in Table 2 and
Figure 1B [10,77–79]. The role of iNKT cells in obesity is not consensual, as they can exhibit
protective or pathogenic roles in metabolic regulation and obesity-triggered inflammation.
These alternative effects are partially dependent on the differential capacity of iNKT cells
to modulate macrophage polarization towards a pro- or anti-inflammatory phenotype.
In murine models of obesity fed with a high-fat diet (HFD), macrophages upregulated
expression of M2 anti-inflammatory genes upon iNKT cell activation with α-GalCer [77,78].
Considering that this effect was abrogated in CD1d−/− mice lacking iNKT cells [77,78],
it seems that iNKT cells are crucial to induction of macrophage polarization towards an
M2-skewed profile to inhibit metaflammation. iNKT-induced M2 polarization occurred
following acute (4 days) or prolonged (8 weeks) HFD challenges in an IL-4-dependent
manner [77,78]. Accordingly, adipose-tissue-resident regulatory iNKT cells were shown to
trigger M2 polarization of macrophages in the absence of HFD challenge via IL-10 [54]. In
addition, the number of iNKT cells in the adipose tissue was reported to be decreased in pa-
tients with obesity [80] and to inversely correlate with the percentage of pro-inflammatory
macrophages infiltrating the adipose tissue [79].

However, others have proposed a pro-inflammatory role of iNKT cells in obesity.
Zhang et al. reported an M2-specific CD1d downregulation in HFD-fed mice during obe-
sity progression, which impaired the ability of M2 macrophages to present α-GalCer to
iNKT cells, leading to Th1-like responses [81]. In addition, after 16 weeks of HFD feeding,
iNKT cells preferentially interacted with M1 pro-inflammatory macrophages [81]. In a
similar tendency, Ohmura et al. highlighted that HFD induced high rates of adipose-tissue
iNKT infiltration and glucose intolerance, with α-GalCer-driven activation of iNKT cells sig-
nificantly increasing infiltration of pro-inflammatory macrophages in the adipose tissue [82].
A similar M1-inducing effect has also been reported for hepatic iNKT cells activated by
dietary lipids in HFD-fed mice exhibiting obesity-induced hepatic steatosis [83].
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Table 1. Interaction between iNKT cells and macrophages in different contexts of infection.

Infection Model Role Readout Ref.

CLP-induced sepsis Protective iNKT cells migrate from liver to peritoneum;
iNKT cells increase macrophage phagocytic capacity. [56]

CS-induced sepsis Deleterious PD-1-driven iNKT cells reduce macrophage activation. [57]

CLP-induced sepsis Deleterious
Lower numbers of hepatic iNKT cells;

iNKT cells more activated;
iNKT cells induce IL-6 secretion by hepatic macrophages.

[58]

Candida albicans Deleterious Activated iNKT cells correlated with lower survival rate;
IL-10 production by iNKT cells. [59]

Candida albicans post-sepsis Deleterious Impairment of macrophage phagocytic capacity by iNKT cells;
Presence of iNKT cells associated with worst survival rate. [60]

Leishmania donovani Protective Enhancement of hepatic iNKT cell activation in the presence of infected KCs;
SIPRα-CD47 interaction enhances iNKT activation. [61]

Leishmania donovani Deleterious

Impairment of iNKT cell activation by infected splenic macrophages;
GSPL-CD1d activates iNKT cells. [62]

GSPL-TLR4 activates macrophages. [63]

Borrelia burgdorferi Protective KCs induce CXCR3-mediated iNKT cell clustering;
iNKT cells reduced bacteria dissemination. [64]

Listeria monocytogenes Protective iNKT cells and macrophages ameliorate listeriosis;
α-GalCer-driven activation of iNKT cells enhances bactericidal functions of peritoneal macrophages. [65]

Mycobacterium tuberculosis Protective Monocytes pulsed with α-GalCer lead
iNKT cells to restrict Mtb growth. [66]

Mycobacterium tuberculosis Protective iNKT cells can be activated by Mtb-infected macrophages via CD1d, IL-12 and IL-18;
suppression of bacterial replication. [67]

Mycobacterium tuberculosis Protective
CD1d-dependent suppression of bacterial growth;

iNKT cells secrete GM-CSF in the presence of Mtb-infected macrophages;
GM-CSF is sufficient to control Mtb growth.

[68]

Pseudomonas aeruginosa Protective α-GalCer-driven activation of iNKT cells enhances phagocytosis by alveolar macrophages. [69]

Influenza virus Protective iNKT cell activation induced by α-GalCer enhances early innate immune response;
possible migration of hepatic iNKT cells to the lungs. [71]

Influenza virus Protective iNKT cells were associated with better survival rate in infected mice. [72]
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Table 1. Cont.

Infection Model Role Readout Ref.

Influenza virus Protective
NKT activation results in an early wave of IL-4 secretion upon their relocation and priming of nearby

resident macrophages;
induction of IL-4 requires both CD1d and IL-18.

[73]

Sendai Virus Deleterious Inflammation is potentiated by IL-13 from iNKT-activated macrophages. [74]

Streptococcus pneumoniae Protective

Mrp1 deficiencies in macrophages:

- Reduce CD1d clustering on the surface;
- Induce lower activation of iNKT cells;
- Increase mortality associated with the infection.

[70]

Bacillus anthracis Protective α-GalCer administration delays bacterial systemic dissemination and increases survival rate;
depletion of CD169+ macrophages reduces iNKT activation and increases bacterial dissemination. [43]

Enterovirus 71 Protective
iNKT cells increase survival rate;

TLR3-dependent activation of iNKT cells by macrophages;
iNKT activation also requires CD1d and IL-12.

[75]

Brucella suis Protective CD4+ iNKT cells impair bacterial intramacrophagic growth. [76]

KCs: Kupffer cells; CLP: cecal ligation and puncture, CS: cecal slurry.
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To further dissect how iNKT cells are implied in obesity, distinct iNKT-deficient animal
models have been used. Some researchers have reported that β2-microglobulin, CD1d or
Jα18 KO mice (which all lack iNKT cells) exhibit improved glucose homeostasis, protection
against HFD-induced insulin resistance and decreased macrophage recruitment to the
adipose tissue and liver [82,83]. However, others have observed no differences in weight
gain, metabolic activity, insulin and glucose tolerance between HFD-fed CD1d−/− mice
and WT littermate controls [84].

Thus, the roles of macrophage–iNKT cell crosstalk in adipose tissue during obesity
onset remain controversial. Duration of the HFD challenge seems to influence this interplay,
considering that short-term HFD triggered higher infiltration of iNKT cells in the adipose
tissue [78], unlike what is observed following longer periods of HFD feeding [77,80,83].
Hence, different stages of obesity apparently trigger distinct macrophage–iNKT cell interac-
tions in the adipose tissue. In later stages of obesity, iNKT cells are suggested to play a more
pathogenic role following activation by M1 macrophages to further promote inflammation
and insulin resistance [81].

Table 2. Interactions between iNKT cells and macrophages in murine models of diet-induced obesity.

Model Role Readout Ref.

60% HFD (4 days or 8 or 24 weeks) Protective M2 polarization of adipose tissue macrophages via IL-4 by
activated iNKT cells. [77,78]

60% HFD (6 or 12 weeks) Protective Inverse correlation between numbers of adipose tissue
iNKT cells and pro-inflammatory macrophages. [79]

HFD (1 or 3 days and 1, 4 or 12 weeks) Deleterious iNKT-mediated recruitment of pro-inflammatory
macrophages into adipose tissue. [83]

60% HFD (6, 8, 10 or 16 weeks) Deleterious

iNKT activation by M1 macrophages exacerbated
metaflammation and activation by

M2-macrophage-ameliorated disease; M2-specific CD1d
downregulation during obesity progression.

[81]

HFD: high-fat diet.

2.4. The iNKT Cell–Macrophage Axis in Sterile Inflammation

Critical interactions between iNKT cells and macrophages have also been pinpointed
during sterile inflammation, mostly in the liver, peritoneum and intestine (Figure 1C).
In a mouse model of local sterile liver injury, specialized KCs were shown to activate
hepatic iNKT cells to promoting wound healing and tissue repair [85]. In this model, CD1d
engagement, as well as IL-12 and IL-18, was required for iNKT cells to be arrested and
activated near the injured site. IL-4 produced by activated iNKT cells promoted post-
lesion hepatocyte proliferation, collagen deposition and monocyte reprogramming into a
reparative CCR2loCX3CR1hi profile, thus culminating in resolution of the injury [85].

The interplay between KCs and hepatic iNKT cells has been further explored in mice
fed with methionine/choline-deficient diets as a model of hepatosteatosis, a metabolic
disease characterized by abnormal lipid accumulation in the liver [86,87]. Kremer et al.
observed reduced hepatic iNKT cell numbers and IL-4 production accompanied by KC
activation in mice fed with a 10-week choline-deficient diet (CDD) [86]. Notably, KC
depletion by clodronate treatment restored hepatic iNKT cell numbers, suggesting that KCs
were contributing to iNKT cell loss in the steatotic liver [86]. However, others have reported
that feeding mice with a methionine and choline-deficient diet (MCD) for 3–5 days triggers
iNKT cell recruitment and clustering in the mouse liver [87]. Following MCD challenge,
CD1d-expressing KCs were shown to co-localize and interact with iNKT cells in cell clusters,
contributing to lipid clearance by iNKT cells [87]. The contrasting differences in iNKT cell
abundance in hepatosteatosis murine models observed in both studies may arise from the
fact that different experimental approaches were used to induce murine hepatosteatosis and
detect hepatic iNKT cells. Furthermore, considering that both studies differ in the duration
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of the dietary challenge, it is also possible that the stage of hepatosteatosis may influence
the overall outcome of the iNKT cell–macrophage interactions in the steatotic liver.

Peritoneal iNKT cells and macrophages were also reported to interact in the context
of acute sterile peritonitis induced by sodium periodate [88]. Peritoneal macrophages
efferocytosing apoptotic neutrophils produced IL-4 and were capable of activating iNKT
cells via CD1d to produce IL-4 and IL-13, thereby suppressing inflammation. CD1d and
Jα18 KO mice exhibited abrogated cytokine production and exacerbated inflammation.
Importantly, peritoneal inflammation diminished upon adoptive transfer of WT iNKT cells
into Jα18−/− but not CD1d−/− mice, thus indicating that both the presence of iNKT cells
and CD1d expression are required for this effect [88].

Growing evidence has highlighted that iNKT cells are central players in intestinal
inflammation and promote the development of inflammatory bowel disease (IBD) [89].
It has been increasingly suggested that macrophages may act as modulators of these
pathogenic roles of iNKT cells in IBD. Diphtheria-induced early-life depletion of embryonic
macrophages diminished later-life iNKT cell infiltration in the barrier organs (skin and
colon) and prevented oxazolone-induced colitis [50]. This is in accordance with earlier
reports describing that colitis pathogenesis in this animal model is largely dependent
on iNKT cells, essentially through IL-13 [90,91]. Likewise, although their role remains
unclear, iNKT cells are also suggested to be implicated in airway hyper-reactivity (AHR)
and asthma [92]. In mouse models of glycolipid-induced AHR, iNKT cells were shown
to induce IL-33 production by alveolar F4/80+CD11c− macrophages in a CD1d-restricted
manner, which in turn activated and triggered IL-13 production by iNKT cells [93]. This
IL-33- and IL-13-dependent loop of reciprocal activation between both cells lies at the base
of airway inflammation within this animal model [93].

Some studies also describe that iNKT cells exacerbate atherosclerosis [94,95], with
peritoneal macrophages pulsed with oxidized low-density lipoproteins prompting in vitro
IFN-γ production by iNKT cells [94]. However, Smith et al. pinpointed an atheroprotective
role of iNKT cells during early stages of atherosclerosis development in systemic lupus
erythematosus (SLE) patients [96]. iNKT cells from SLE patients with asymptomatic
atherosclerotic plaque exhibited an anti-inflammatory profile, and differentiation of healthy
iNKT cells in the presence of serum from these patients triggered in vitro M2 polarization
of THP-1 macrophages. In contrast, iNKT cells from SLE patients who had already suffered
cardiovascular events exhibited low CD69 expression and failed to secrete IL-4 and IFN-γ
ex vivo upon α-GalCer stimulation, which was associated with reduced frequencies of M2-
like monocytes [96]. Hence, even though they promoted tolerance in early disease, iNKT
cells became unresponsive in clinically advanced disease stages. Nevertheless, further
research is required to better untangle the cumulative effects of iNKT cells and macrophages
in atherogenesis.

2.5. The iNKT Cell–Macrophage Axis in Cancer

Macrophage–iNKT crosstalk in cancer has been scrutinized in recent decades. This
crosstalk starts with cell migration and recruitment and ends with cell–cell interaction
(Figure 1D). The mechanisms of chemoattraction bring iNKT cells and tumor-associated
macrophages (TAMs) together in the tumor microenvironment, postulating the primary
condition for cell–cell engagement, which is cell–cell co-localization. These mechanisms
have been deeply understood in different mouse models. Monocytes were shown to be the
only CD1d+ leukocytes co-localizing with iNKT cells, suggesting an interaction between
these two subsets and their progeny in the tumor microenvironment [97]. Human iNKT
cells were shown to migrate to neuroblastoma cells in response to CCL2 and to infiltrate
tumors that highly express this chemokine [98]. Besides iNKT cells, CCL2 was also able
to direct TAM precursors to the tumor site [99,100]. This evidence suggests a placement
of both iNKT cells and TAM precursors in the tumor microenvironment, allowing their
engagement, as reported by Song et al., in the context of primary neuroblastoma [101].
Although both cell subsets were shown to migrate to the tumor site, it is important to note



Int. J. Mol. Sci. 2022, 23, 1640 12 of 19

that in xenograft mouse models for neuroblastoma, the frequency of tumor-infiltrated iNKT
cells was drastically higher—up to 8 times—in the presence of TAMs, which were killed
via CD1d [101]. These data reconcile with studies by Lui et al. that unveiled TAM-secreted
CCL20 as another mediator for iNKT cell recruitment to the tumor microenvironment under
hypoxic conditions [102] after CCL20 had been pointed out as a selective chemoattractant
for DCs, effector-memory T cells [103] and NKT cells [104]. Interestingly, in this xenograft
model, hypoxia inhibited the immunosurveillance of iNKT cells at the tumor site, which
could be retrieved by IL-15 [102]. The combination iNKT/IL-15 presented potent and
long-lasting antitumor activity in this model of metastatic neuroblastoma [102].

Given the preponderance of iNKT cells and macrophages at the tumor site [12], the
details of the crosstalk cells might be of immense potential. Not only the direct effect
on the tumor cells but also the capacity to reprogram and be reprogrammed comprise a
set of crucial information to better understand the cell dynamics. In this line of thought,
iNKT–macrophage interactions were studied in a prostate cancer mouse model [20]. It
was verified that there were more infiltrating iNKT cells at the tumor site in comparison
with normal tissue and that their absence led to an increase in the population of M2-
like macrophages, which could be diminished upon iNKT cell transfer, delaying tumor
progression. TAM populations were regulated by iNKT cells not only by protecting the
M1 and killing the M2 but also by modulating the macrophage polarization preferentially
into an M1 phenotype [20]. The associated mechanisms were partially unveiled as CD1d
and Fas-FasL interactions required for iNKT cell-mediated M2-like macrophage death,
while CD40 expression was sufficient for protection of M1-like macrophages from iNKT
toxicity [20]. In a transgenic mouse model of melanoma, low numbers of intratumoral
iNKT cells were found, and their antitumor function was impaired [105]. Activation of
these cells was restored after α-GalCer treatment, significantly increasing the number of
M1-macrophages in both spleen and tumor [105]. Besides their natural antitumor capacity,
iNKT cells were also capable of inhibiting M2-like macrophages in a pancreas cancer
model in a microsomal prostaglandin E synthase-1 (mPGES-1) and 5-lipoxygenase (5-LOX)-
dependent manner. Interestingly, the pharmacological inhibition of these molecules in M2
macrophages decreased pancreatic lesions and enhanced the infiltration of active CD8+

cells [106]. Altogether, iNKT cells seem to contribute directly and/or indirectly to delayed
tumor progression [20,105,106]. In contrast, results obtained in a colon adenocarcinoma
transgenic mouse model demonstrated that iNKT cells promoted M2-like polarization of
TAMs concomitantly with increased expression of FoxP3 protein and enhanced frequency
of Tregs, assisting tumor progression and intestinal adenomatous polyp formation [107].
However, upon α-GalCer treatment, the frequency of M2-like splenic macrophages was
reduced, whereas M1-like macrophage frequency increased [108]. Although colorectal
cancer is frequently a distinct paradigm regarding macrophage and Treg expression, the
mechanisms underlying this effect still require further elucidation.

The relevance of the macrophage–iNKT cell interplay has also been addressed in
chronic lymphocytic leukemia (CLL) [109]. The addition of iNKT cells to a co-culture of
CD14+ monocytes and CLL cells strongly impaired in vitro differentiation of monocytes
into adherent nurse-like cells (NLC), which are CLL-specific TAMs. This effect required
the engagement of CD1d. Although NLC cells were shown to sustain the survival of CLL
cells, in the presence of iNKT cells, there were lower viability rates of both NLC and CLL
cells, indicating that iNKT cells could affect CLL viability by indirectly restraining NLC via
CD1d [109].

Overall, similar outcomes of iNKT–macrophage interactions are found in the context
of cancer. Macrophages play a role in chemoattraction, driving iNKT cells to the tumor
site. Most reports highlight an adaptive and innate antitumor capacity from iNKT cells
that is supported and boosted by either α-GalCer or cytokine treatment, namely IL-12 and
IL-15. When activated, iNKT cells were demonstrated, in several mouse models, to reduce
infiltration of M2 macrophages and increase M1-like macrophage frequencies, leading to a
better prognosis.
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2.6. The iNKT Cell–Macrophage Axis in Autoimmunity

The macrophage–iNKT cell interplay has also been implicated in diverse autoim-
mune diseases, namely multiple sclerosis, type I diabetes and rheumatoid arthritis. In
experimental autoimmune encephalomyelitis (EAE), a mouse model of multiple sclerosis
(MS), α-GalCer-mediated iNKT cell activation resulted in decreased frequencies of Ly6Chi

inflammatory monocytes and polarization of CNS macrophages towards an M2-skewed
profile [110]. These effects were dependent on both CD1d and IL-4. Strikingly, adop-
tive transfer of α-GalCer-conditioned M2-enriched monocytes into Jα18−/− EAE mice
successfully rescued neurological impairment and improved survival [110].

iNKT cells and macrophages are suggested to mediate opposing effects during type
I diabetes (T1D) pathogenesis. Whereas several reports point to protective roles of iNKT
cells in T1D, macrophages are strongly associated with pancreatic β cell destruction and
T1D development [111], although few studies have focused on the direct communication
between both cells in the context of T1D. Ghazarian et al. reported that infection with
pancreatropic coxsackievirus B4 accelerated diabetes development and promoted infiltra-
tion of inflammatory macrophages into the pancreatic islets of non-obese diabetic (NOD)
and proinsulin-2-deficient mice, both models of T1D [112]. Importantly, α-GalCer-driven
activation of iNKT cells by the time of viral infection prompted macrophage expression of
suppressive molecules, including indoleamine (IDO) 1 and 2 and arginase-1, via IFN-γ and
IL-13. By selectively inhibiting IDO, the authors further showed that this iNKT-induced
immunosuppressive pancreatic environment was required to prevent advanced insulitis
and disease onset [112]. Hence, iNKT cells once again critically modulated macrophage
phenotypes to mitigate inflammation.

Bimodal roles of iNKT cells have been described in rheumatoid arthritis (RA). Al-
though the majority of studies point to iNKT cells contributing to joint inflammation and
arthritis pathogenesis, others have described a suppressive effect of these cells in RA [113].
By using a murine model of collagen-induced arthritis (CIA), Miellot-Gafsou et al. ob-
served that hepatic iNKT cells underwent activation during the early phase of the disease,
with CD1d blocking in early but not in late disease stages decreasing CD40 expression
on macrophages and DCs and ameliorating disease manifestations [114]. Contrarily, a
recent report has underpinned that iNKT cells contribute to key immunosuppressive roles
of peritoneal macrophages in CIA mice to promote immunological tolerance [115]. Al-
though peritoneal macrophages from CD1d+/− and CD1d− mice did not register major
differences in expression of distinct M1 and M2 cell surface markers, their cytokine pro-
files varied. Upon LPS stimulation, macrophages from CD1d+/− mice exhibited a more
anti-inflammatory profile, characterized by increased secretion of IL-10 and decreased se-
cretion of TNF-α and IL-6. This further reflected in disease amelioration following adoptive
transfer of CD1d+/− peritoneal macrophages into CD1d KO mice with CIA [115].

Despite the reported dichotomous role of iNKT cells in autoimmunity, altogether, these
results reveal that iNKT-mediated modulation of inflammation in autoimmune diseases is
at least partially dependent on their capacity to regulate macrophage inflammatory profiles,
as represented in Figure 1E.

3. Conclusions

Increasing evidence underscores the relevance of the iNKT cell–macrophage axis in
several pathophysiological contexts. This information enlightens not only the details of
iNKT cell activation upon macrophage engagement but also the modulation of macrophage
functions and phenotypes after interaction with iNKT cells.

The rules and effects of this bimodal interplay depend on several parameters, such
as cell types and tissue of origin, disease and developmental stage of the host immune
system, thus featuring the complexity and importance of taking into consideration the
context in which the cells interact. In this way, our current knowledge regarding iNKT–
macrophage crosstalk can contribute to the establishment of better paradigms according to
the microenvironment in which they occur. Since both iNKT cells and macrophages are
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highly heterogeneous, there is a need for comprehensive phenotypical analyses associated
with the respective function set of the cell to optimally exploit the immunomodulatory
properties of each subset.

This review covers the up-to-date state of the art on this topic. Altogether, the striking
pieces of information herein discussed suggest that these cells stand as promising targets
for the development of novel iNKT cell and/or macrophage-based immunotherapeutic
strategies to prevent disease onset and progression.

Author Contributions: M.S.C. and J.P.L. wrote the manuscript draft; M.J.O. and M.F.M. reviewed and
edited the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: FEDER—Fundo Europeu de Desenvolvimento Regional funds through COMPETE 2020—
Operacional Programme for Competitiveness and Internationalisation (POCI), Portugal 2020, Por-
tuguese funds through FCT—Fundação para a Ciência e a Tecnologia/Ministério da Ciência, Tecnolo-
gia e do Ensino Superior in the framework of the project PTDC/SAU-DES/7945/2020.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bendelac, A.; Savage, P.B.; Teyton, L. The Biology of NKT Cells. Annu. Rev. Immunol. 2007, 25, 297–336. [CrossRef] [PubMed]
2. Godfrey, D.I.; Stankovic, S.; Baxter, A.G. Raising the NKT Cell Family. Nat. Immunol. 2010, 11, 197–206. [CrossRef] [PubMed]
3. Pereira, C.S.; Ribeiro, H.; Macedo, M.F. From Lysosomal Storage Diseases to NKT Cell Activation and Back. Int. J. Mol. Sci. 2017,

18, 502. [CrossRef] [PubMed]
4. Porcelli, S.; Yockey, C.E.; Brenner, M.B.; Balk, S.P. Analysis of T Cell Antigen Receptor (TCR) Expression by Human Peripheral

Blood CD4−8− α/β T Cells Demonstrates Preferential Use of Several Vβ Genes and an Invariant TCR α Chain. J. Exp. Med.
1993, 178, 1–16. [CrossRef] [PubMed]

5. Lantz, O.; Bendelac, A. An Invariant T Cell Receptor α Chain Is Used by a Unique Subset of Major Histocompatibility Complex
Class I-Specific CD4+ and CD4-8- T Cells in Mice and Humans. J. Exp. Med. 1994, 180, 1077–1106. [CrossRef] [PubMed]

6. Dellabona, B.P.; Padovan, E.; Casorati, G.; Brockhaus, M.; Lanzavecchia, A. An invariant Vα24-JαQ/Vβ11 T Cell Receptor Is
Expressed in All Individuals by Clonally Expanded CD4-8- T cells. J. Exp. Med. 1994, 180, 1171–1175. [CrossRef] [PubMed]

7. Watarai, H.; Nakagawa, R.; Omori-Miyake, M.; Dashtsoodol, N.; Taniguchi, M. Methods for Detection, Isolation and Culture of
Mouse and Human Invariant NKT Cells. Nat. Protoc. 2008, 3, 70–78. [CrossRef]

8. Exley, M.A.; Hou, R.; Shaulov, A.; Tonti, E.; Dellabona, P.; Casorati, G.; Akbari, O.; Akman, H.O.; Greenfield, E.A.; Gumperz, J.E.;
et al. Selective Activation, Expansion, and Monitoring of Human INKT Cells with a Monoclonal Antibody Specific for the TCR
α-Chain CDR3 Loop. Eur. J. Immunol. 2008, 38, 1756–1766. [CrossRef]

9. Montoya, C.J.; Pollard, D.; Martinson, J.; Kumari, K.; Wasserfall, C.; Mulder, C.B.; Rugeles, M.T.; Atkinson, M.A.; Landay, A.L.;
Wilson, S.B. Characterization of Human Invariant Natural Killer T Subsets in Health and Disease Using a Novel Invariant Natural
Killer T Cell-Clonotypic Monoclonal Antibody, 6B11. Immunology 2007, 122, 1–14. [CrossRef]

10. Crosby, C.M.; Kronenberg, M. Tissue-Specific Functions of Invariant Natural Killer T Cells. Nat. Rev. Immunol. 2018, 18, 559–574.
[CrossRef]

11. Pellicci, D.G.; Koay, H.F.; Berzins, S.P. Thymic Development of Unconventional T Cells: How NKT Cells, MAIT Cells and Γδ T
Cells Emerge. Nat. Rev. Immunol. 2020, 20, 756–770. [CrossRef]

12. Wolf, B.J.; Choi, J.E.; Exley, M.A. Novel Approaches to Exploiting Invariant NKT Cells in Cancer Immunotherapy. Front. Immunol.
2018, 9, 384. [CrossRef] [PubMed]

13. Mori, L.; Lepore, M.; De Libero, G. The Immunology of CD1- and MR1-Restricted T Cells. Annu. Rev. Immunol. 2016, 34, 479–510.
[CrossRef] [PubMed]

14. Leite-de-Moraes, M.C.; Hameg, A.; Machavoine, F.; Koezuka, Y.; Herbelin, A.; Dy, M.; Schneider, E. A Distinct IL-18-Induced
Pathway to Fully Activate NK T Lymphocytes Independently from TCR Engagement. J. Immunol. 1999, 163, 5871–5876. [PubMed]

15. Kitamura, H.; Iwakabe, K.; Yahata, T.; Nishimura, S.I.; Ohta, A.; Ohmi, Y.; Sato, M.; Takeda, K.; Okumura, K.; Van Kaer,
L.; et al. The Natural Killer T (NKT) Cell Ligand α-Galactosylceramide Demonstrates Its Immunopotentiating Effect by Inducing
Interleukin (IL)-12 Production by Dendritic Cells and IL-12 Receptor Expression on NKT Cells. J. Exp. Med. 1999, 189, 1121–1127.
[CrossRef] [PubMed]

16. Nagarajan, N.A.; Kronenberg, M. Invariant NKT Cells Amplify the Innate Immune Response to Lipopolysaccharide. J. Immunol.
2007, 178, 2706–2713. [CrossRef] [PubMed]

17. Reilly, E.C.; Wands, J.R.; Brossay, L. Cytokine Dependent and Independent INKT Cell Activation. Cytokine 2010, 51, 227–231.
[CrossRef] [PubMed]

18. Gumperz, J.E.; Miyake, S.; Yamamura, T.; Brenner, M.B. Functionally Distinct Subsets of CD1d-Restricted Natural Killer T Cells
Revealed by CD1d Tetramer Staining. J. Exp. Med. 2002, 195, 625–636. [CrossRef]

http://doi.org/10.1146/annurev.immunol.25.022106.141711
http://www.ncbi.nlm.nih.gov/pubmed/17150027
http://doi.org/10.1038/ni.1841
http://www.ncbi.nlm.nih.gov/pubmed/20139988
http://doi.org/10.3390/ijms18030502
http://www.ncbi.nlm.nih.gov/pubmed/28245613
http://doi.org/10.1084/jem.178.1.1
http://www.ncbi.nlm.nih.gov/pubmed/8391057
http://doi.org/10.1084/jem.180.3.1097
http://www.ncbi.nlm.nih.gov/pubmed/7520467
http://doi.org/10.1084/jem.180.3.1171
http://www.ncbi.nlm.nih.gov/pubmed/8064234
http://doi.org/10.1038/nprot.2007.515
http://doi.org/10.1002/eji.200737389
http://doi.org/10.1111/j.1365-2567.2007.02647.x
http://doi.org/10.1038/s41577-018-0034-2
http://doi.org/10.1038/s41577-020-0345-y
http://doi.org/10.3389/fimmu.2018.00384
http://www.ncbi.nlm.nih.gov/pubmed/29559971
http://doi.org/10.1146/annurev-immunol-032414-112008
http://www.ncbi.nlm.nih.gov/pubmed/26927205
http://www.ncbi.nlm.nih.gov/pubmed/10570271
http://doi.org/10.1084/jem.189.7.1121
http://www.ncbi.nlm.nih.gov/pubmed/10190903
http://doi.org/10.4049/jimmunol.178.5.2706
http://www.ncbi.nlm.nih.gov/pubmed/17312112
http://doi.org/10.1016/j.cyto.2010.04.016
http://www.ncbi.nlm.nih.gov/pubmed/20554220
http://doi.org/10.1084/jem.20011786


Int. J. Mol. Sci. 2022, 23, 1640 15 of 19

19. Wingender, G.; Krebs, P.; Beutler, B.; Kronenberg, M. Antigen-Specific Cytotoxicity by Invariant NKT Cells In Vivo Is CD95/CD178-
Dependent and Is Correlated with Antigenic Potency. J. Immunol. 2010, 185, 2721–2729. [CrossRef]

20. Cortesi, F.; Delfanti, G.; Grilli, A.; Calcinotto, A.; Gorini, F.; Pucci, F.; Lucianò, R.; Grioni, M.; Recchia, A.; Benigni, F.; et al. Bimodal
CD40/Fas-Dependent Crosstalk between INKT Cells and Tumor-Associated Macrophages Impairs Prostate Cancer Progression.
Cell Rep. 2018, 22, 3006–3020. [CrossRef]

21. Díaz-Basabe, A.; Strati, F.; Facciotti, F. License to Kill: When Inkt Cells Are Granted the Use of Lethal Cytotoxicity. Int. J. Mol. Sci.
2020, 21, 3909. [CrossRef] [PubMed]

22. Carnaud, C.; Lee, D.; Donnars, O.; Park, S.H.; Beavis, A.; Koezuka, Y.; Bendelac, A. Cutting Edge: Cross-Talk between Cells of the
Innate Immune System: NKT Cells Rapidly Activate NK Cells. J. Immunol. 1999, 163, 4647–4650.

23. Eberl, G.; MacDonald, H.R. Selective Induction of NK Cell Proliferation and Cytotoxicity by Activated NKT Cells. Eur. J. Immunol.
2000, 30, 985–992. [CrossRef]

24. Nakamura, T.; Sonoda, K.-H.; Faunce, D.E.; Gumperz, J.; Yamamura, T.; Miyake, S.; Stein-Streilein, J. CD4 + NKT Cells, But Not
Conventional CD4 + T Cells, Are Required to Generate Efferent CD8 + T Regulatory Cells Following Antigen Inoculation in an
Immune-Privileged Site. J. Immunol. 2003, 171, 1266–1271. [CrossRef] [PubMed]

25. Lin, H.; Nieda, M.; Rozenkov, V.; Nicol, A.J. Analysis of the Effect of Different NKT Cell Subpopulations on the Activation of CD4
and CD8 T Cells, NK Cells, and B Cells. Exp. Hematol. 2006, 34, 289–295. [CrossRef] [PubMed]

26. Mantovani, A.; Sica, A.; Sozzani, S.; Allavena, P.; Vecchi, A.; Locati, M. The Chemokine System in Diverse Forms of Macrophage
Activation and Polarization. Trends Immunol. 2004, 25, 677–686. [CrossRef] [PubMed]

27. Martinez, F.O.; Gordon, S. The M1 and M2 Paradigm of Macrophage Activation: Time for Reassessment. F1000Prime Rep. 2014, 6,
13. [CrossRef]

28. Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.A.; Mardani, F.; Seifi, B.; Mohammadi, A.;
Afshari, J.T.; Sahebkar, A. Macrophage Plasticity, Polarization, and Function in Health and Disease. J. Cell. Physiol. 2018, 233,
6425–6440. [CrossRef]

29. Xue, J.; Schmidt, S.V.; Sander, J.; Draffehn, A.; Krebs, W.; Quester, I.; DeNardo, D.; Gohel, T.D.; Emde, M.; Schmidleithner, L.;
et al. Transcriptome-Based Network Analysis Reveals a Spectrum Model of Human Macrophage Activation. Immunity 2014, 40,
274–288. [CrossRef]

30. Murray, P.J.; Allen, J.E.; Biswas, S.K.; Fisher, E.A.; Gilroy, D.W.; Goerdt, S.; Gordon, S.; Hamilton, J.A.; Ivashkiv, L.B.; Lawrence, T.;
et al. Macrophage Activation and Polarization: Nomenclature and Experimental Guidelines. Immunity 2014, 41, 14–20. [CrossRef]

31. Cao, X.; Yakala, G.K.; van den Hil, F.E.; Cochrane, A.; Mummery, C.L.; Orlova, V.V. Differentiation and Functional Comparison of
Monocytes and Macrophages from HiPSCs with Peripheral Blood Derivatives. Stem Cell Rep. 2019, 12, 1282–1297. [CrossRef]
[PubMed]

32. Verschoor, C.P.; Puchta, A.; Bowdish, D. The macrophage. In Leucocytes. Methods in Molecular Biology (Methods and Protocols);
Ashman, R., Ed.; Springer: New York, NY, USA, 2012; Volume 844. [CrossRef]

33. Bertani, F.R.; Mozetic, P.; Fioramonti, M.; Iuliani, M.; Ribelli, G.; Pantano, F.; Santini, D.; Tonini, G.; Trombetta, M.; Businaro,
L.; et al. Classification of M1/M2-Polarized Human Macrophages by Label-Free Hyperspectral Reflectance Confocal Microscopy
and Multivariate Analysis. Sci. Rep. 2017, 7, 8965. [CrossRef] [PubMed]

34. Auffray, C.; Sieweke, M.H.; Geissmann, F. Blood Monocytes: Development, Heterogeneity, and Relationship with Dendritic Cells.
Annu. Rev. Immunol. 2009, 27, 669–692. [CrossRef] [PubMed]

35. Varol, C.; Mildner, A.; Jung, S. Macrophages: Development and tissue specialization. Annu. Rev. Immunol. 2015, 33, 643–675.
[CrossRef]

36. Murray, P.J.; Wynn, T.A. Protective and Pathogenic Functions of Macrophage Subsets. Nat. Rev. Immunol. 2011, 11, 723–737.
[CrossRef]

37. Fujii, S.I.; Liu, K.; Smith, C.; Bonito, A.J.; Steinman, R.M. The Linkage of Innate to Adaptive Immunity via Maturing Dendritic
Cells in vivo Requires CD40 Ligation in Addition to Antigen Presentation and CD80/86 Costimulation. J. Exp. Med. 2004, 199,
1607–1618. [CrossRef]

38. Cortesi, F.; Delfanti, G.; Casorati, G.; Dellabona, P. The Pathophysiological Relevance of the INKT Cell/Mononuclear Phagocyte
Crosstalk in Tissues. Front. Immunol. 2018, 9, 2375. [CrossRef]

39. Brennan, P.J.; Brigl, M.; Brenner, M.B. Invariant Natural Killer T Cells: An Innate Activation Scheme Linked to Diverse Effector
Functions. Nat. Rev. Immunol. 2013, 13, 101–117. [CrossRef]

40. Wang, H.; Breed, E.R.; Lee, Y.J.; Qian, L.J.; Jameson, S.C.; Hogquist, K.A. Myeloid Cells Activate INKT Cells to Produce IL-4 in the
Thymic Medulla. Proc. Natl. Acad. Sci. USA 2019, 116, 22262–22268. [CrossRef]

41. Barral, P.; Polzella, P.; Bruckbauer, A.; Van Rooijen, N.; Besra, G.S.; Cerundolo, V.; Batista, F.D. CD169+ Macrophages Present
Lipid Antigens to Mediate Early Activation of INKT Cells in Lymph Nodes. Nat. Immunol. 2010, 11, 303–312. [CrossRef]

42. Kawasaki, N.; Vela, J.L.; Nycholat, C.M.; Rademacher, C.; Khurana, A.; Van Rooijen, N.; Crocker, P.R.; Kronenberg, M.; Paulson,
J.C. Targeted Delivery of Lipid Antigen to Macrophages via the CD169/Sialoadhesin Endocytic Pathway Induces Robust Invariant
Natural Killer T Cell Activation. Proc. Natl. Acad. Sci. USA 2013, 110, 7826–7831. [CrossRef] [PubMed]

43. Le Gars, M.; Haustant, M.; Klezovich-Bénard, M.; Paget, C.; Trottein, F.; Goossens, P.L.; Tournier, J.-N. Mechanisms of Invariant
NKT Cell Activity in Restraining Bacillus Anthracis Systemic Dissemination. J. Immunol. 2016, 197, 3225–3232. [CrossRef]
[PubMed]

http://doi.org/10.4049/jimmunol.1001018
http://doi.org/10.1016/j.celrep.2018.02.058
http://doi.org/10.3390/ijms21113909
http://www.ncbi.nlm.nih.gov/pubmed/32486268
http://doi.org/10.1002/(SICI)1521-4141(200004)30:4&lt;985::AID-IMMU985&gt;3.0.CO;2-E
http://doi.org/10.4049/jimmunol.171.3.1266
http://www.ncbi.nlm.nih.gov/pubmed/12874214
http://doi.org/10.1016/j.exphem.2005.12.008
http://www.ncbi.nlm.nih.gov/pubmed/16543063
http://doi.org/10.1016/j.it.2004.09.015
http://www.ncbi.nlm.nih.gov/pubmed/15530839
http://doi.org/10.12703/P6-13
http://doi.org/10.1002/jcp.26429
http://doi.org/10.1016/j.immuni.2014.01.006
http://doi.org/10.1016/j.immuni.2014.06.008
http://doi.org/10.1016/j.stemcr.2019.05.003
http://www.ncbi.nlm.nih.gov/pubmed/31189095
http://doi.org/10.1007/978-1-61779-527-5
http://doi.org/10.1038/s41598-017-08121-8
http://www.ncbi.nlm.nih.gov/pubmed/28827726
http://doi.org/10.1146/annurev.immunol.021908.132557
http://www.ncbi.nlm.nih.gov/pubmed/19132917
http://doi.org/10.1146/annurev-immunol-032414-112220
http://doi.org/10.1038/nri3073
http://doi.org/10.1084/jem.20040317
http://doi.org/10.3389/fimmu.2018.02375
http://doi.org/10.1038/nri3369
http://doi.org/10.1073/pnas.1910412116
http://doi.org/10.1038/ni.1853
http://doi.org/10.1073/pnas.1219888110
http://www.ncbi.nlm.nih.gov/pubmed/23610394
http://doi.org/10.4049/jimmunol.1600830
http://www.ncbi.nlm.nih.gov/pubmed/27605012


Int. J. Mol. Sci. 2022, 23, 1640 16 of 19

44. Barral, P.; Sénchez-Nieo, M.D.; Van Rooijen, N.; Cerundolo, V.; Batista, F.D. The Location of Splenic NKT Cells Favours Their
Rapid Activation by Blood-Borne Antigen. EMBO J. 2012, 31, 2378–2390. [CrossRef] [PubMed]

45. King, I.L.; Amiel, E.; Tighe, M.; Mohrs, K.; Veerapen, N.; Besra, G.; Mohrs, M.; Leadbetter, E.A. The Mechanism of Splenic
Invariant NKT Cell Activation Dictates Localization In Vivo. J. Immunol. 2013, 191, 572–582. [CrossRef] [PubMed]

46. Covarrubias, R.; Wilhelm, A.J.; Major, A.S. Specific Deletion of LDL Receptor-Related Protein on Macrophages Has Skewed
in vivo Effects on Cytokine Production by Invariant Natural Killer T Cells. PLoS ONE 2014, 9, e102236. [CrossRef] [PubMed]

47. Middendorp, S.; Nieuwenhuis, E.E.S. NKT Cells in Mucosal Immunity. Mucosal Immunol. 2009, 2, 393–402. [CrossRef]
48. Dowds, C.M.; Blumberg, R.S.; Zeissig, S. Control of Intestinal Homeostasis through Crosstalk between Natural Killer T Cells and

the Intestinal Microbiota. Clin. Immunol. 2014, 159, 128–133. [CrossRef]
49. Sáez de Guinoa, J.; Jimeno, R.; Gaya, M.; Kipling, D.; Garzón, M.J.; Dunn-Walters, D.; Ubeda, C.; Barral, P. CD 1d-mediated Lipid

Presentation by CD11c+ Cells Regulates Intestinal Homeostasis. EMBO J. 2018, 37, e97537. [CrossRef]
50. Gensollen, T.; Lin, X.; Zhang, T.; Pyzik, M.; See, P.; Glickman, J.N.; Ginhoux, F.; Waldor, M.; Salmi, M.; Rantakari, P.; et al.

Embryonic Macrophages Function during Early Life to Determine Invariant Natural Killer T Cell Levels at Barrier Surfaces.
Nat. Immunol. 2021, 22, 699–710. [CrossRef]

51. Davies, L.C.; Jenkins, S.J.; Allen, J.E.; Taylor, P.R. Tissue-Resident Macrophages. Nat. Immunol. 2013, 14, 986–995. [CrossRef]
52. Macrophages, R.; Elchaninov, A.V.; Fatkhudinov, T.K.; Vishnyakova, P.A. Phenotypical and Functional Polymorphism of Liver.

Cells 2019, 8, 1032.
53. Schmieg, J.; Yang, G.; Franck, R.W.; Van Rooijen, N.; Tsuji, M. Glycolipid Presentation to Natural Killer T Cells Differs in an

Organ-Dependent Fashion. Proc. Natl. Acad. Sci. USA 2005, 102, 1127–1132. [CrossRef] [PubMed]
54. Lynch, L.; Michelet, X.; Zhang, S.; Brennan, P.J.; Moseman, A.; Lester, C.; Besra, G.; Vomhof-Dekrey, E.E.; Tighe, M.; Koay, H.F.;

et al. Regulatory INKT Cells Lack Expression of the Transcription Factor PLZF and Control the Homeostasis of T Reg Cells and
Macrophages in Adipose Tissue. Nat. Immunol. 2015, 16, 85–95. [CrossRef] [PubMed]

55. Ahn, S.; Jeong, D.; Oh, S.J.; Ahn, J.; Lee, S.H.; Chung, D.H. GM-CSF and IL-4 Produced by NKT Cells Inversely Regulate IL-1β
Production by Macrophages. Immunol. Lett. 2017, 182, 50–56. [CrossRef]

56. Heffernan, D.S.; Monaghan, S.F.; Thakkar, R.K.; Tran, M.L.; Chung, C.S.; Gregory, S.H.; Cioffi, W.G.; Ayala, A. Inflammatory
Mechanisms in Sepsis: Elevated Invariant Natural Killer T-Cell Numbers in Mouse and Their Modulatory Effect on Macrophage
Function. Shock 2013, 40, 122–128. [CrossRef]

57. Fallon, E.A.; Chun, T.T.; Young, W.A.; Gray, C.; Ayala, A.; Heffernan, D.S. Program Cell Death Receptor-1-Mediated Invariant
Natural Killer T-Cell Control of Peritoneal Macrophage Modulates Survival in Neonatal Sepsis. Front. Immunol. 2017, 8, 1469.
[CrossRef]

58. Hu, C.K.; Venet, F.; Heffernan, D.S.; Wang, Y.L.; Horner, B.; Huang, X.; Chung, C.-S.; Gregory, S.H.; Ayala, A. The Role of Hepatic
Invariant NKT Cells in Systemic/Local Inflammation and Mortality during Polymicrobial Septic Shock. J. Immunol. 2009, 182,
2467–2475. [CrossRef]

59. Haraguchi, N.; Kikuchi, N.; Morishima, Y.; Matsuyama, M.; Sakurai, H.; Shibuya, A.; Shibuya, K.; Taniguchi, M.; Ishii, Y.
Activation of Murine Invariant NKT Cells Promotes Susceptibility to Candidiasis by IL-10 Induced Modulation of Phagocyte
Antifungal Activity. Eur. J. Immunol. 2016, 46, 1691–1703. [CrossRef]

60. Kim, E.Y.; Ner-Gaon, H.; Varon, J.; Cullen, A.M.; Guo, J.; Choi, J.; Barragan-Bradford, D.; Higuera, A.; Pinilla-Vera, M.; Short,
S.A.P.; et al. Post-Sepsis Immunosuppression Depends on NKT Cell Regulation of MTOR/IFN-γ in NK Cells. J. Clin. Investig.
2020, 130, 3238–3252. [CrossRef]

61. Beattie, L.; Svensson, M.; Bune, A.; Brown, N.; Maroof, A.; Zubairi, S.; Smith, K.R.; Kaye, P.M. Leishmania Donovani-Induced
Expression of Signal Regulatory Protein α on Kupffer Cells Enhances Hepatic Invariant NKT-Cell Activation. Eur. J. Immunol.
2010, 40, 117–123. [CrossRef]

62. Karmakar, S.; Paul, J.; De, T. Leishmania Donovani Glycosphingolipid Facilitates Antigen Presentation by Inducing Relocation of
CD1d into Lipid Rafts in Infected Macrophages. Eur. J. Immunol. 2011, 41, 1376–1387. [CrossRef] [PubMed]

63. Karmakar, S.; Bhaumik, S.K.; Paul, J.; De, T. TLR4 and NKT Cell Synergy in Immunotherapy against Visceral Leishmaniasis.
PLoS Pathog. 2012, 8, e1002646. [CrossRef] [PubMed]

64. Lee, W.Y.; Moriarty, T.J.; Wong, C.H.Y.; Zhou, H.; Strieter, R.M.; Van Rooijen, N.; Chaconas, G.; Kubes, P. An Intravascular Immune
Response to Borrelia Burgdorferi Involves Kupffer Cells and INKT Cells. Nat. Immunol. 2010, 11, 295–302. [CrossRef] [PubMed]

65. Emoto, M.; Yoshida, T.; Fukuda, T.; Kawamura, I.; Mitsuyama, M.; Kita, E.; Hurwitz, R.; Kaufmann, S.H.E.; Emoto, Y. α-
Galactosylceramide Promotes Killing of Listeria Monocytogenes within the Macrophage Phagosome through Invariant NKT-Cell
Activation. Infect. Immun. 2010, 78, 2667–2676. [CrossRef]

66. Gansert, J.L.; Kieβler, V.; Engele, M.; Wittke, F.; Röllinghoff, M.; Krensky, A.M.; Porcelli, S.A.; Modlin, R.L.; Stenger, S. Human
NKT Cells Express Granulysin and Exhibit Antimycobacterial Activity. J. Immunol. 2003, 170, 3154–3161. [CrossRef]

67. Sada-Ovalle, I.; Chiba, A.; Gonzales, A.; Brenner, M.B.; Behar, S.M. Innate Invariant NKT Cells Recognize Mycobacterium
Tuberculosis-Infected Macrophages, Produce Interferon-γ, and Kill Intracellular Bacteria. PLoS Pathog. 2008, 4, e1000239.
[CrossRef]

68. Rothchild, A.C.; Jayaraman, P.; Nunes-Alves, C.; Behar, S.M. INKT Cell Production of GM-CSF Controls Mycobacterium
Tuberculosis. PLoS Pathog. 2014, 10, e1003805. [CrossRef]

http://doi.org/10.1038/emboj.2012.87
http://www.ncbi.nlm.nih.gov/pubmed/22505026
http://doi.org/10.4049/jimmunol.1300299
http://www.ncbi.nlm.nih.gov/pubmed/23785119
http://doi.org/10.1371/journal.pone.0102236
http://www.ncbi.nlm.nih.gov/pubmed/25050824
http://doi.org/10.1038/mi.2009.99
http://doi.org/10.1016/j.clim.2015.05.008
http://doi.org/10.15252/embj.201797537
http://doi.org/10.1038/s41590-021-00934-0
http://doi.org/10.1038/ni.2705
http://doi.org/10.1073/pnas.0408288102
http://www.ncbi.nlm.nih.gov/pubmed/15644449
http://doi.org/10.1038/ni.3047
http://www.ncbi.nlm.nih.gov/pubmed/25436972
http://doi.org/10.1016/j.imlet.2017.01.003
http://doi.org/10.1097/SHK.0b013e31829ca519
http://doi.org/10.3389/fimmu.2017.01469
http://doi.org/10.4049/jimmunol.0801463
http://doi.org/10.1002/eji.201545987
http://doi.org/10.1172/JCI128075
http://doi.org/10.1002/eji.200939863
http://doi.org/10.1002/eji.201040981
http://www.ncbi.nlm.nih.gov/pubmed/21425159
http://doi.org/10.1371/journal.ppat.1002646
http://www.ncbi.nlm.nih.gov/pubmed/22511870
http://doi.org/10.1038/ni.1855
http://www.ncbi.nlm.nih.gov/pubmed/20228796
http://doi.org/10.1128/IAI.01441-09
http://doi.org/10.4049/jimmunol.170.6.3154
http://doi.org/10.1371/journal.ppat.1000239
http://doi.org/10.1371/journal.ppat.1003805


Int. J. Mol. Sci. 2022, 23, 1640 17 of 19

69. Nieuwenhuis, E.E.S. CD1d-Dependent, Macrophage-Mediated Clearance of Pseudomonas Aeruginosa from Lung.
Biomed. Pharmacother. 2002, 56, 423. [CrossRef]

70. Chandra, S.; Gray, J.; Kiosses, W.B.; Khurana, A.; Hitomi, K.; Crosby, C.M.; Chawla, A.; Fu, Z.; Zhao, M.; Veerapen, N.; et al.
Mrp1 Is Involved in Lipid Presentation and INKT Cell Activation by Streptococcus Pneumoniae. Nat. Commun. 2018, 9, 4279.
[CrossRef]

71. Ho, L.P.; Denny, L.; Luhn, K.; Teoh, D.; Clelland, C.; McMichael, A.J. Activation of Invariant NKT Cells Enhances the Innate
Immune Response and Improves the Disease Course in Influenza A Virus Infection. Eur. J. Immunol. 2008, 38, 1913–1922.
[CrossRef]

72. Kok, W.L.; Denney, L.; Benam, K.; Cole, S.; Clelland, C.; McMichael, A.J.; Ho, L.-P. Pivotal Advance: Invariant NKT Cells Reduce
Accumulation of Inflammatory Monocytes in the Lungs and Decrease Immune-Pathology during Severe Influenza A Virus
Infection. J. Leukoc. Biol. 2012, 91, 357–368. [CrossRef] [PubMed]

73. Gaya, M.; Barral, P.; Burbage, M.; Aggarwal, S.; Montaner, B.; Warren Navia, A.; Aid, M.; Tsui, C.; Maldonado, P.; Nair, U.; et al.
Initiation of Antiviral B Cell Immunity Relies on Innate Signals from Spatially Positioned NKT Cells. Cell 2018, 172, 517–533.e20.
[CrossRef] [PubMed]

74. Kim, E.Y.; Battaile, J.T.; Patel, A.C.; You, Y.; Agapov, E.; Grayson, M.H.; Benoit, L.A.; Byers, D.E.; Alevy, Y.; Tucker, J.; et al.
Persistent Activation of an Innate Immune Response Translates Respiratory Viral Infection into Chronic Lung Disease. Nat. Med.
2008, 14, 633–640. [CrossRef] [PubMed]

75. Zhu, K.; Yang, J.; Luo, K.; Yang, C.; Zhang, N.; Xu, R. TLR3 Signaling in Macrophages Is Indispensable for the Protective Immunity
of Invariant Natural Killer T Cells against Enterovirus 71 Infection. PLoS Pathog. 2015, 11, e1004613. [CrossRef]

76. Bessoles, S.; Dudal, S.; Besra, G.S.; Sanchez, F.; Lafont, V. Human CD4+ Invariant NKT Cells Are Involved in Antibacterial
Immunity against Brucella Suis through CD1d-Dependent but CD4-Independent Mechanisms. Eur. J. Immunol. 2009, 39,
1025–1035. [CrossRef]

77. Ji, Y.; Sun, S.; Xu, A.; Bhargava, P.; Yang, L.; Lam, K.S.L.; Gao, B.; Lee, C.H.; Kersten, S.; Qi, L. Activation of Natural Killer T
Cells Promotes M2 Macrophage Polarization in Adipose Tissue and Improves Systemic Glucose Tolerance via Interleukin-4
(IL-4)/STAT6 Protein Signaling Axis in Obesity. J. Biol. Chem. 2012, 287, 13561–13571. [CrossRef]

78. Ji, Y.; Sun, S.; Xia, S.; Yang, L.; Li, X.; Qi, L. Short Term High Fat Diet Challenge Promotes Alternative Macrophage Polarization in
Adipose Tissue via Natural Killer T Cells and Interleukin-4. J. Biol. Chem. 2012, 287, 24378–24386. [CrossRef]

79. Lynch, L.; Nowak, M.; Varghese, B.; Clark, J.; Hogan, A.E.; Toxavidis, V.; Balk, S.P.; O’Shea, D.; O’Farrelly, C.; Exley, M.A.
Adipose Tissue Invariant NKT Cells Protect against Diet-Induced Obesity and Metabolic Disorder through Regulatory Cytokine
Production. Immunity 2012, 37, 574–587. [CrossRef]

80. Lynch, L.; O’Shea, D.; Winter, D.C.; Geoghegan, J.; Doherty, D.G.; O’Farrelly, C. Invariant NKT Cells and CD1d+ Cells Amass in
Human Omentum and Are Depleted in Patients with Cancer and Obesity. Eur. J. Immunol. 2009, 39, 1893–1901. [CrossRef]

81. Zhang, H.; Xue, R.; Zhu, S.; Fu, S.; Chen, Z.; Zhou, R.; Tian, Z.; Bai, L. M2-Specific Reduction of CD1d Switches NKT Cell-Mediated
Immune Responses and Triggers Metaflammation in Adipose Tissue. Cell. Mol. Immunol. 2018, 15, 506–517. [CrossRef]

82. Ohmura, K.; Ishimori, N.; Ohmura, Y.; Tokuhara, S.; Nozawa, A.; Horii, S.; Andoh, Y.; Fujii, S.; Iwabuchi, K.; Onoé, K.; et al.
Natural Killer T Cells Are Involved in Adipose Tissues Inflammation and Glucose Intolerance in Diet-Induced Obese Mice.
Arterioscler. Thromb. Vasc. Biol. 2010, 30, 193–199. [CrossRef] [PubMed]

83. Wu, L.; Parekh, V.V.; Gabriel, C.L.; Bracy, D.P.; Marks-Shulman, P.A.; Tamboli, R.A.; Kim, S.; Mendez-Fernandez, Y.V.; Besra,
G.S.; Lomenick, J.P.; et al. Activation of Invariant Natural Killer T Cells by Lipid Excess Promotes Tissue Inflammation, Insulin
Resistance, and Hepatic Steatosis in Obese Mice. Proc. Natl. Acad. Sci. USA 2012, 109, E1143–E1152. [CrossRef] [PubMed]

84. Mantell, B.S.; Stefanovic-Racic, M.; Yang, X.; Dedousis, N.; Sipula, I.J.; O’Doherty, R.M. Mice Lacking NKT Cells but with
a Complete Complement of CD8+ T-Cells Are Not Protected against the Metabolic Abnormalities of Diet-Induced Obesity.
PLoS ONE 2011, 6, e19831. [CrossRef] [PubMed]

85. Liew, P.X.; Lee, W.Y.; Kubes, P. INKT Cells Orchestrate a Switch from Inflammation to Resolution of Sterile Liver Injury. Immunity
2017, 47, 752–765.e5. [CrossRef]

86. Kremer, M.; Thomas, E.; Milton, R.J.; Perry, A.W.; Van Rooijen, N.; Wheeler, M.D.; Zacks, S.; Fried, M.; Rippe, R.A.; Hines,
I.N. Kupffer Cell and Interleukin-12-Dependent Loss of Natural Killer T Cells in Hepatosteatosis. Hepatology 2010, 51, 130–141.
[CrossRef]

87. Wang, H.; Li, L.; Li, Y.; Li, Y.; Sha, Y.; Wen, S.; You, Q.; Liu, L.; Shi, M.; Zhou, H. Intravital Imaging of Interactions between INKT
and Kupffer Cells to Clear Free Lipids during Steatohepatitis. Theranostics 2021, 11, 2149–2169. [CrossRef]

88. Zeng, M.Y.; Pham, D.; Bagaitkar, J.; Liu, J.; Otero, K.; Shan, M.; Wynn, T.A.; Brombacher, F.; Brutkiewicz, R.R.; Kaplan, M.H.; et al.
An Efferocytosis-Induced, IL-4-Dependent Macrophage-INKT Cell Circuit Suppresses Sterile Inflammation and Is Defective in
Murine CGD. Blood 2013, 121, 3473–3483. [CrossRef]

89. Brailey, P.M.; Lebrusant-Fernandez, M.; Barral, P. NKT Cells and the Regulation of Intestinal Immunity: A Two-Way Street.
FEBS J. 2020, 287, 1686–1699. [CrossRef]

90. Heller, F.; Fuss, I.J.; Nieuwenhuis, E.E.; Blumberg, R.S.; Strober, W. Oxazolone Colitis, a Th2 Colitis Model Resembling Ulcerative
Colitis, Is Mediated by IL-13-Producing NK-T Cells. Immunity 2002, 17, 629–638. [CrossRef]

http://doi.org/10.1016/S0753-3322(02)00267-6
http://doi.org/10.1038/s41467-018-06646-8
http://doi.org/10.1002/eji.200738017
http://doi.org/10.1189/jlb.0411184
http://www.ncbi.nlm.nih.gov/pubmed/22003207
http://doi.org/10.1016/j.cell.2017.11.036
http://www.ncbi.nlm.nih.gov/pubmed/29249358
http://doi.org/10.1038/nm1770
http://www.ncbi.nlm.nih.gov/pubmed/18488036
http://doi.org/10.1371/journal.ppat.1004613
http://doi.org/10.1002/eji.200838929
http://doi.org/10.1074/jbc.M112.350066
http://doi.org/10.1074/jbc.M112.371807
http://doi.org/10.1016/j.immuni.2012.06.016
http://doi.org/10.1002/eji.200939349
http://doi.org/10.1038/cmi.2017.11
http://doi.org/10.1161/ATVBAHA.109.198614
http://www.ncbi.nlm.nih.gov/pubmed/19910631
http://doi.org/10.1073/pnas.1200498109
http://www.ncbi.nlm.nih.gov/pubmed/22493234
http://doi.org/10.1371/journal.pone.0019831
http://www.ncbi.nlm.nih.gov/pubmed/21674035
http://doi.org/10.1016/j.immuni.2017.09.016
http://doi.org/10.1002/hep.23292
http://doi.org/10.7150/thno.51369
http://doi.org/10.1182/blood-2012-10-461913
http://doi.org/10.1111/febs.15238
http://doi.org/10.1016/S1074-7613(02)00453-3


Int. J. Mol. Sci. 2022, 23, 1640 18 of 19

91. Iyer, S.S.; Gensollen, T.; Gandhi, A.; Oh, S.F.; Neves, J.F.; Collin, F.; Lavin, R.; Serra, C.; Glickman, J.; de Silva, P.S.A.; et al. Dietary
and Microbial Oxazoles Induce Intestinal Inflammation by Modulating Aryl Hydrocarbon Receptor Responses. Cell 2018, 173,
1123–1134.e11. [CrossRef]

92. Lezmi, G.; Leite-de-Moraes, M. Invariant Natural Killer T and Mucosal-Associated Invariant T Cells in Asthmatic Patients.
Front. Immunol. 2018, 9, 1766. [CrossRef] [PubMed]

93. Kim, H.Y.; Chang, Y.J.; Subramanian, S.; Lee, H.H.; Albacker, L.A.; Matangkasombut, P.; Savage, P.B.; McKenzie, A.N.J.; Smith,
D.E.; Rottman, J.B.; et al. Innate Lymphoid Cells Responding to IL-33 Mediate Airway Hyperreactivity Independently of Adaptive
Immunity. J. Allergy Clin. Immunol. 2012, 129, 216–227.e6. [CrossRef] [PubMed]

94. Nakai, Y.; Iwabuchi, K.; Fujii, S.; Ishimori, N.; Dashtsoodol, N.; Watano, K.; Mishima, T.; Iwabuchi, C.; Tanaka, S.; Bezbradica, J.S.;
et al. Natural Killer T Cells Accelerate Atherogenesis in Mice. Blood 2004, 104, 2051–2059. [CrossRef]

95. Tupin, E.; Nicoletti, A.; Elhage, R.; Rudling, M.; Ljunggren, H.G.; Hansson, G.K.; Berne, G.P. CD1d-Dependent Activation of NKT
Cells Aggravates Atherosclerosis. J. Exp. Med. 2004, 199, 417–422. [CrossRef] [PubMed]

96. Smith, E.; Croca, S.; Waddington, K.E.; Sofat, R.; Griffin, M.; Nicolaides, A.; Isenberg, D.A.; Torra, I.P.; Rahman, A.; Jury, E.C. Cross-
Talk between INKT Cells and Monocytes Triggers an Atheroprotective Immune Response in SLE Patients with Asymptomatic
Plaque. Sci. Immunol. 2016, 1, eaah4081. [CrossRef] [PubMed]

97. Song, L.; Ara, T.; Wu, H.W.; Woo, C.W.; Reynolds, C.P.; Seeger, R.C.; DeClerck, Y.A.; Thiele, C.J.; Sposto, R.; Metelitsa, L.S.
Oncogene MYCN Regulates Localization of NKT Cells to the Site of Disease in Neuroblastoma. J. Clin. Investig. 2007, 117,
2702–2712. [CrossRef]

98. Metelitsa, L.S.; Wu, H.W.; Wang, H.; Yang, Y.; Warsi, Z.; Asgharzadeh, S.; Groshen, S.; Wilson, S.B.; Seeger, R.C. Natural Killer T
Cells Infiltrate Neuroblastomas Expressing the Chemokine CCL2. J. Exp. Med. 2004, 199, 1213–1221. [CrossRef]

99. Bottazzi, B.; Polentarutti, N.; Acero, R.; Balsari, A.; Boraschi, D.; Ghezzi, P.; Salmona, M.; Mantovani, A. Regulation of the
Macrophage Content of Neoplasms by Chemoattractants. Science 1983, 220, 210–212. [CrossRef]

100. Matsushima, K.; Larsen, C.G.; DuBois, G.C.; Oppenheim, J.J. Purification and Characterization of a Novel Monocyte Chemotactic
and Activating Factor Produced by a Human Myelomonocytic Cell Line. J. Exp. Med. 1989, 169, 1485–1490. [CrossRef]

101. Song, L.; Asgharzadeh, S.; Salo, J.; Engell, K.; Wu, H.W.; Sposto, R.; Ara, T.; Silverman, A.M.; DeClerck, Y.A.; Seeger, R.C.; et al.
Vα24-Invariant NKT Cells Mediate Antitumor Activity via Killing of Tumor-Associated Macrophages. J. Clin. Investig. 2009, 119,
1524–1536. [CrossRef]

102. Liu, D.; Song, L.; Wei, J.; Courtney, A.N.; Gao, X.; Marinova, E.; Guo, L.; Heczey, A.; Asgharzadeh, S.; Kim, E.; et al. IL-15 Protects
NKT Cells from Inhibition by Tumor-Associated Macrophages and Enhances Antimetastatic Activity. J. Clin. Investig. 2012, 122,
2221–2233. [CrossRef] [PubMed]

103. Schutyser, E.; Struyf, S.; Van Damme, J. The CC Chemokine CCL20 and Its Receptor CCR6. Cytokine Growth Factor Rev. 2003, 14,
409–426. [CrossRef]

104. Thomas, S.Y.; Hou, R.; Boyson, J.E.; Means, T.K.; Hess, C.; Olson, D.P.; Strominger, J.L.; Brenner, M.B.; Gumperz, J.E.; Wilson,
S.B.; et al. CD1d-Restricted NKT Cells Express a Chemokine Receptor Profile Indicative of Th1-Type Inflammatory Homing Cells.
J. Immunol. 2003, 171, 2571–2580. [CrossRef]

105. Paul, S.; Chhatar, S.; Mishra, A.; Lal, G. Natural Killer T Cell Activation Increases INOS+CD206− M1 Macrophage and Controls
the Growth of Solid Tumor. J. Immunother. Cancer 2019, 7, 208. [CrossRef]

106. Janakiram, N.B.; Mohammed, A.; Bryant, T.; Ritchie, R.; Stratton, N.; Jackson, L.; Lightfoot, S.; Benbrook, D.M.; Asch, A.S.; Lang,
M.L.; et al. Loss of Natural Killer T Cells Promotes Pancreatic Cancer in LSL-KrasG12D/+ Mice. Immunology 2017, 152, 36–51.
[CrossRef] [PubMed]

107. Wang, Y.; Sedimbi, S.; Löfbom, L.; Singh, A.K.; Porcelli, S.A.; Cardell, S.L. Unique Invariant Natural Killer T Cells Promote
Intestinal Polyps by Suppressing TH1 Immunity and Promoting Regulatory T Cells. Mucosal Immunol. 2018, 11, 131–143.
[CrossRef]

108. Wang, Y.; Bhave, M.S.; Yagita, H.; Cardell, S.L. Natural Killer T-Cell Agonist α-Galactosylceramide and PD-1 Blockade Synergize
to Reduce Tumor Development in a Preclinical Model of Colon Cancer. Front. Immunol. 2020, 11, 581301. [CrossRef]

109. Gorini, F.; Azzimonti, L.; Delfanti, G.; Scarfo, L.; Scielzo, C.; Bertilaccio, M.T.; Ranghetti, P.; Gulino, A.; Doglioni, C.; Di Napoli, A.;
et al. Invariant NKT Cells Contribute to Chronic Lymphocytic Leukemia Surveillance and Prognosis. Blood 2017, 129, 3440–3451.
[CrossRef]

110. Denney, L.; Kok, W.L.; Cole, S.L.; Sanderson, S.; McMichael, A.J.; Ho, L.-P. Activation of Invariant NKT Cells in Early Phase of
Experimental Autoimmune Encephalomyelitis Results in Differentiation of Ly6C Hi Inflammatory Monocyte to M2 Macrophages
and Improved Outcome. J. Immunol. 2012, 189, 551–557. [CrossRef]

111. Lehuen, A.; Diana, J.; Zaccone, P.; Cooke, A. Immune Cell Crosstalk in Type 1 Diabetes. Nat. Rev. Immunol. 2010, 10, 501–513.
[CrossRef]

112. Ghazarian, L.; Diana, J.; Beaudoin, L.; Larsson, P.G.; Puri, R.K.; Van Rooijen, N.; Flodström-Tullberg, M.; Lehuen, A. Protection
against Type 1 Diabetes upon Coxsackievirus B4 Infection and INKT-Cell Stimulation: Role of Suppressive Macrophages. Diabetes
2013, 62, 3785–3796. [CrossRef] [PubMed]

113. Drennan, M.B.; Aspeslagh, S.; Elewaut, D. Invariant Natural Killer T Cells in Rheumatic Disease: A Joint Dilemma.
Nat. Rev. Rheumatol. 2010, 6, 90–98. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2018.04.037
http://doi.org/10.3389/fimmu.2018.01766
http://www.ncbi.nlm.nih.gov/pubmed/30105031
http://doi.org/10.1016/j.jaci.2011.10.036
http://www.ncbi.nlm.nih.gov/pubmed/22119406
http://doi.org/10.1182/blood-2003-10-3485
http://doi.org/10.1084/jem.20030997
http://www.ncbi.nlm.nih.gov/pubmed/14744994
http://doi.org/10.1126/sciimmunol.aah4081
http://www.ncbi.nlm.nih.gov/pubmed/28783690
http://doi.org/10.1172/JCI30751
http://doi.org/10.1084/jem.20031462
http://doi.org/10.1126/science.6828888
http://doi.org/10.1084/jem.169.4.1485
http://doi.org/10.1172/JCI37869
http://doi.org/10.1172/JCI59535
http://www.ncbi.nlm.nih.gov/pubmed/22565311
http://doi.org/10.1016/S1359-6101(03)00049-2
http://doi.org/10.4049/jimmunol.171.5.2571
http://doi.org/10.1186/s40425-019-0697-7
http://doi.org/10.1111/imm.12746
http://www.ncbi.nlm.nih.gov/pubmed/28419443
http://doi.org/10.1038/mi.2017.34
http://doi.org/10.3389/fimmu.2020.581301
http://doi.org/10.1182/blood-2016-11-751065
http://doi.org/10.4049/jimmunol.1103608
http://doi.org/10.1038/nri2787
http://doi.org/10.2337/db12-0958
http://www.ncbi.nlm.nih.gov/pubmed/23894189
http://doi.org/10.1038/nrrheum.2009.261
http://www.ncbi.nlm.nih.gov/pubmed/20125176


Int. J. Mol. Sci. 2022, 23, 1640 19 of 19

114. Miellot-Gafsou, A.; Biton, J.; Bourgeois, E.; Herbelin, A.; Boissier, M.C.; Bessis, N. Early Activation of Invariant Natural Killer
T Cells in a Rheumatoid Arthritis Model and Application to Disease Treatment. Immunology 2010, 130, 296–306. [CrossRef]
[PubMed]

115. Basri, F.; Jung, S.; Park, S.H.; Park, S.H. CD1d Deficiency Limits Tolerogenic Properties of Peritoneal Macrophages. BMB Rep.
2021, 54, 209–214. [CrossRef]

http://doi.org/10.1111/j.1365-2567.2009.03235.x
http://www.ncbi.nlm.nih.gov/pubmed/20113367
http://doi.org/10.5483/BMBRep.2021.54.4.183

	Introduction 
	The iNKT Cell–Macrophage Axis 
	The iNKT Cell–Macrophage Axis in Homeostasis 
	The iNKT Cell–Macrophage Axis in Infection 
	The iNKT Cell–Macrophage Axis in Obesity 
	The iNKT Cell–Macrophage Axis in Sterile Inflammation 
	The iNKT Cell–Macrophage Axis in Cancer 
	The iNKT Cell–Macrophage Axis in Autoimmunity 

	Conclusions 
	References

