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Abstract

B7-H3 is a member of the B7 superfamily and a putative inhibitory immune checkpoint molecule. Several early-phase
clinical trials have reported promising anti-tumor activity and safety of anti-cancer drugs targeting B7-H3, suggesting that
it may be a promising target for a potential next-generation immune checkpoint inhibitor. Despite ongoing clinical studies,
most B7-H3-targeted drugs being currently investigated rely on direct cytotoxicity as their mechanisms of action rather than
modulating its function as an immune checkpoint, at least in part due to its incompletely understood immune regulatory
function. Recent studies have begun to elucidate the role of B7-H3 in regulating the tumor microenvironment (TME). Emerg-
ing evidence suggests that B7-H3 may regulate the interferon-STAT1 axis in the TME and promote immune suppression.
Similarly, increasing evidence shows B7-H3 may be implicated in promoting M1 to M2 polarization of tumor-associated
macrophages (TAMs). There is also accumulating evidence suggesting that B7-H3 may play a role in the heterotypic fusion
of cancer stem cells and macrophages, thereby promoting tumor invasion and metastasis. Here, we review the recent advances
in the understanding of B7-H3 cancer immunobiology with a focus on highlighting its potential role in the interferon priming
of TAMs and the heterotypic fusion of TAMs with cancer stem cells and suggest future direction in elucidating its immune
checkpoint function.
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Introduction

Immune checkpoint molecules are cell surface trans-
membrane proteins that provide modulatory signals to
immune cells such as T cells to inhibit or stimulate immune
responses. In the context of cancer, inhibitory immune
checkpoints are hijacked by cancer cells to promote immune
evasion, which is one of the hallmarks of cancer, permit-
ting uncontrolled growth and proliferation [1, 2]. Over the
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past decade, immune checkpoint inhibitors (ICIs), which are
monoclonal antibodies (mAb) targeting inhibitory immune
checkpoints such as programmed death-1 or ligand-1 (PD-
(L)1), cytotoxic lymphocyte antigen-4 (CTLA)-4, and lym-
phocyte activation antigen 3 (LAG)-3, have demonstrated
clinical efficacy across an ever-expanding number of dif-
ferent human cancers and revolutionized the paradigm of
anti-cancer therapies [3, 4]. Consequently, these successes
have spurred further investigation into uncovering novel
inhibitory immune checkpoints that represent therapeutic
vulnerabilities and in developing additional therapeutic
agents aimed at such molecular targets.

B7 superfamily transmembrane proteins comprise a
group of stimulatory and inhibitory immune checkpoints.
So far, ten members of B7 family proteins have been identi-
fied including B7-H1 (PD-L1), B7-1 (CD80), B7-2 (CD86),
B7-DC (PD-L2), B7-H2 (CD275), B7-H3 (CD276), B7-H4,
B7-HS5, B7-H6 (NCR3LG1), and B7-H7 (HHLA?2) [5-7].
Since its discovery in 2001, B7-H3 has garnered increasing
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attention in the past few years as a potential therapeutic
target in anti-cancer therapy [7]. Although initial stud-
ies ascribed a stimulatory function to B7-H3, subsequent
research and accumulating evidence have suggested that in
the context of cancer, B7-H3 behaves predominantly as an
inhibitory immune checkpoint and promotes immune eva-
sion [8—10]. In addition to its role as an immune checkpoint
promoting immune evasion, B7-H3 has also been implicated
in promoting various pro-tumorigenic processes including
cell proliferation, invasion, metastasis, dysregulated metab-
olism, angiogenesis, as well as chemo-resistance [8, 11].
B7-H3 is expressed in two isoforms (2IgB7-H3, 4IgB7-H3)
in humans, whereas in mice, it is expressed only as a single
isoform (2IgB7-H3) which consists of a single extracellular
variable- and constant-like immunoglobulin, transmem-
brane, and cytoplasmic tail domains [8, 11, 12]. The major
isoform expressed in humans is 4IgB7-H3 which has two
identical pairs of IgC-like and V-like domains. The bind-
ing partner of B7-H3 has remained elusive and controver-
sial, although several putative receptors have been reported
including triggering receptor expressed on myeloid cells
(TREM)-like transcript 2 (TLT-2, TREMLZ2), interleukin-20
receptor subunit alpha (IL20RA), and phospholipase A2
receptor 1 (PLA2R1) [8, 10, 11, 13].

Drugs targeting B7-H3 such as bispecific antibodies,
antibody drug conjugates, chimeric antigen receptor T cells,
radio-immunoligands, and Fc-enhanced monoclonal anti-
bodies have recently made their way into early-phase trials
and have shown promising anti-tumor activity in various
cancers including prostate cancer, head and neck squamous
cell carcinoma, and small cell lung cancer [14-16] [8, 11,

17] (Table 1). In contrast to the increasing number of studies
of B7-H3-targeted agents that use direct cytotoxicity as the
major mechanism of action, there is a paucity of drugs being
developed aimed at modulating B7-H3 function in part due
to the elusive nature of its binding partner but also its incom-
pletely elucidated role in tumor-promoting immunological
processes. Here, we aim to review the relevant contemporary
research that has studied the function of B7-H3 in immune
modulation in the tumor microenvironment (TME) with a
focus on its role in regulating the interferon (IFN)-STAT-1
axis and differentiation and function of tumor-associated
macrophages (TAMs).

Search methodology

A systematic review was conducted according to PRISMA
guidelines with the last search update being on Decem-
ber 29, 2023. The search was conducted in PubMed as
well as Embase using the following search query: (B7-H3
OR CD276) AND (IFN OR interferon OR STAT). Stud-
ies were included if it investigated the mechanistic asso-
ciation between B7-H3 and interferon signaling or mac-
rophage function and/or regulation. Studies were excluded
if it reported overlapping data. In the latter case, the study
with the most recent and/or most comprehensive data was
included. The initial search identified a total of 440 stud-
ies. After review by title and abstract, 6 studies remained.
Additionally, O studies were added via reference review. Fol-
lowing full-text review, 6 studies were included in the final
review.

Table 1 Outcomes of selected antibody-based B7-H3 targeted agents in early-phase clinical trials in cancer

Trial (phase) Patient population and Tx Drug and

setting mechanism of action

Key efficacy outcomes Key safety outcomes Reference

NCTO04145622 (I/I1) Advanced solid tumors,

later with DXd

NCT02475213 (I/I) Advanced solid tumors, Enoblituzumab (anti-

later B7-H3 mAb)
+ Pembrolizumab (anti-
PD-1 mAb)
NCT02923180 (II)  Localized prostate cancer, Enoblituzumab (anti-
neoadjuvant B7-H3 mAb)

DS-7300, B7-H3-ADC

ORR: 30% (36/121,
overall), 25% (15/59,
CRPC), 21% (6/28,
ESCC), 52% (11/21,
SCLQC), 31% (4/13,
sqNSCLC)

ORR: 33% (6/18, PD-L1-
naive HNSCC), 36%
(5/14, PD-L1-naive
NSCLC)

PSA, rate 1-year post-
prostatectomy: 66%
(21/32)

Any grade TEAE: nausea [16]
(61%), infusion-related
reactions (35%), vomit-

ing 31%)

Grade 3>TRAE: 29%
Grade 5 TRAE: 1%

[15]

Grade 3 TRAE: 12%
Grade 4-5 TRAE: 0%

[14]

ADC antibody—drug conjugate, CRPC castration-resistant prostate cancer, DXd deruxtecan, ESCC esophageal squamous cell carcinoma, mAB
monoclonal antibody, NSCLC non-small cell lung cancer, ORR overall response rate, SCLC small cell lung cancer, sgNSCLC squamous non-
small cell lung cancer, TEAE treatment-emergent adverse event, TRAE treatment-related adverse event
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B7-H3 expression and regulation in healthy
and malignant tissues

B7-H3 expression in healthy and malignant tissues has
been extensively studied and reviewed since its discov-
ery. While it is absent or expressed at very low levels in
healthy tissues and body fluids, it is aberrantly expressed
at high levels in cancer tissues in various malignancies [8,
9, 11, 18]. Among healthy tissues, its mRNA levels are
highest in the placenta, adipose tissue, cervix, endome-
trium, and adrenal glands, and protein levels are highest
in the prostate, adipose tissue, adrenal gland, appendix,
and breast [9, 11]. The differences between its mRNA and
protein expression levels underscore the importance of
post-transcriptional regulation in B7-H3 expression and
function. In comparison to the scant expression in normal
tissues, high expression is observed across many cancer
types. Literature review suggests that an estimated 60% of
all tumors demonstrate some level of positivity of B7-H3
protein [9]. Furthermore, B7-H3 protein expression has
been noted on both tumor cells and various cells includ-
ing immune cells and non-immune stromal cells such as
endothelial cells and cancer-associated fibroblasts (CAFs)
in the TME [19-21]. Importantly, B7-H3 expression levels
in tumor tissues correlate with adverse clinical outcomes
and pathological features in various hematogenous and
solid tumor malignancies including acute myeloid leuke-
mia, prostate cancer, sarcomas, and breast cancer [22-27].

Regulation of expression of B7-H3 has been reported at
the transcriptional, post-transcriptional, and post-transla-
tional as well as epigenetic levels have been described [8,
9, 11]. In human ovarian cancer cells, p38 MAPK-eIF4E
signaling was identified as a key initiating step in the tran-
scription of B7-H3 [28]. Patients with ankylosing spon-
dylitis, who have high B7-H3 gene expression, have been
shown to have a hypomethylated promoter of the B7-H3
gene [29]. In triple-negative breast cancer models, the
fucosyltransferase FUT8 has been shown to drive aberrant
glycosylation of B7-H3 and maintain high B7-H3 expres-
sion and mediate B7-H3 immune suppressive function
[30]. Of the modes of gene expression regulation, post-
transcriptional regulation of B7-H3 has been studied the
most extensively in part due to the discrepancy between
the B7-H3 mRNA and protein levels in healthy tissues.
Among mechanisms of post-transcriptional regulation of
B7-H3, the best studied has been microRNA (miRNA)-
mediated regulation, which has shown clinical significance
via associations with prognostic outcomes in cancer. For
example, miR-124, -29, 199a, -1253, and -187 have been
associated with aberrant B7-H3 protein expression in
osteosarcoma, neuroblastoma, cervical cancer, medullo-
blastoma, and colorectal cancer (CRC), respectively [8,
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31-34]. Higher levels of miR-187, -1301-3p, and -335-
5p have been associated with lower aggressiveness, less
advanced stage, and decreased metastasis [8, 31, 32].
Additionally, epigenetic regulation of B7-H3 expression
has been described. For instance, hypomethylation of the
B7-H3 promoter in chronic inflammation has been associ-
ated with increased B7-H3 expression levels [29]. Post-
transcriptional regulation of B7-H3 represents an attrac-
tive mechanism for therapeutic development that depends
on the function of B7-H3 rather than direct cytotoxicity.

Immunologic and non-immunologic effects
of B7-H3 in malignancy

B7-H3 promotes several pro-tumorigenic cellular processes
that are implicated in the hallmarks of cancer that are unre-
lated to immune regulation such as cell proliferation and
growth, invasion, deranged metabolism, and angiogenesis
as well as chemo-resistance, which have been reviewed
extensively [8, 9, 11]. In vitro models of CRC have shown
that B7-H3 downregulation leads to reduction of tumor cell
proliferation as well as the downregulation of cyclin D1
and cyclin-dependent kinase (CDK)4 [35]. B7-H3 has been
linked to cell proliferation and invasion in lung adenocarci-
noma cell lines and in breast cancer cell lines specifically
via modulation of major vault protein (MVP)-MEK signal-
ing [36]. Furthermore, B7-H3 has been shown to promote
epithelial-mesenchymal transition (EMT) in lung cancer
as well as hepatocellular carcinoma cell lines and has been
implicated in the pro-tumorigenic derangement of glucose
metabolism in cancer cells [37]. For instance, B7-H3 has
been shown to increase glucose uptake and lactate produc-
tion by cancer cells, suggesting that it is involved in promot-
ing the Warburg effect and B7-H3 expression levels are cor-
related with glycolytic capacity in in vitro models of breast
cancer [38, 39]. The role of B7-H3 in regulating glucose
metabolism in cancer cells may include its effects on the
downstream transcriptional target, GLUT1 [40]. The role of
B7-H3 in promoting angiogenesis has been described in var-
ious pre-clinical in vivo and in vitro studies and is a potential
mechanism of regulating the vascular endothelial growth
factor (VEGF)-hypoxia-inducible factor (HIF)-1o axis [41,
42]. Notably, B7-H3 has been shown to promote VEGF
expression by activating the NF-kf pathway in in vitro and
in vivo studies of CRC [43].

Accumulating evidence suggests that B7-H3 has a multi-
faceted role in modulating the immune contexture of the
TME. Upregulation of B7-H3 has been noted in tumor cells,
immune cells, and other stromal cells including CAFs and
endothelial cells as noted previously. Expression of B7-H3
on CAFs has been associated with an immune suppressive
phenotype in experimental studies of human breast cancer
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[20]. B7-H3 expression has been shown to accompany more
frequently an immune suppressive TME by promoting the
production of immune suppressive cytokines such as IL-10
and TGF-B1, in turn leading to inhibition of immune effec-
tor cell function [44—47]. Notably, B7-H3 has been shown
to regulate the differentiation and polarization of TAMs
from an M1 to M2 phenotype and has been associated with
the frequency of FOXP3 +regulatory T cells [48, 49][50].
While the general consensus is that B7-H3 has an immune
suppressive effect in the TME, some studies have shown
increased numbers of immune effector cells such as CD4 4+,
CD8 +, and NK cells as well as increased pro-inflammatory
cytokines in patients with high tumor B7-H3 expression [51,
52]. Nonetheless, a potential explanation for such findings
is that the upregulation of B7-H3 reflects the presence of
increased inflammatory cytokines such as IFNs in the tumor
milieu which result in non-specific upregulation of immune
checkpoints.

Evidence supporting the regulation
of IFN-STAT1 axis by B7-H3

IFNs have been shown to have a dual role in promoting
versus inhibiting tumorigenesis in a context-dependent
manner. Of note, the IFN-STAT1 axis has both tumor pro-
moting and inhibitory effects that depend at least in part
on the strength and duration of the IFN signaling [53-56].
In other words, acute, short-lived exposure of tumor cells
to IFN will result in tumor-inhibitory cytotoxicity, whereas
chronic, long-lived exposure will result in tumor-promoting
effects including increased tumor growth and proliferation,
invasiveness, and immune evasion and immune suppression.
For example, cancer cells that are DNA-damage-resistant
produce IFNs in sufficient quantity to induce higher lev-
els of STATI, but not enough to induce cytotoxic genes,
compared to DNA-damage-sensitive cell lines. Low levels
of IFNs upregulate only the unphosphorylated interferon-
stimulated gene factor (U-ISGF)3 dependent subset of ISGs
in DNA-damage-resistant cancer cells, without the sus-
tained increase in expression of ISGs that mediate the acute
apoptotic, anti-proliferative, and inflammatory responses
to IFN [57]. Thus, tumor cells have evolved to hijack the
IFN-STAT1 axis to sustain chronic, long-lived signaling to
enhance tumorigenesis.

There is a paucity of studies evaluating the role of B7 fam-
ily molecules in regulating the IFN-STAT1 axis (Table 2).
Among the B7 family members, some evidence exists for
PD-L1 and its role in modulating STAT 1. For example, Cheon
et al. demonstrated that IFN-B-induced STAT1 phosphoryla-
tion is markedly higher in PD-L1 knockdown cells [58]. Simi-
larly, Gato-Cafias et al. showed that PD-L1 decreases IFN-3
cytotoxicity by inhibiting IFN-p-induced STAT3 signaling,

Table 2 Selected references reporting associations between B7-H3
and IFN-STATI1, PD-L1, macrophage polarization, and heterotypic
fusion

Key reported association Selected references

B7-H3—IFN-STAT1 [58, 59, 60, 61, 62, 63)

B7-H3—PD-L1 [18, 60, 61,71, 72,78, 79)
B7-H3—macrophage polarization/regu-  [48, 49, 71, 80)
lation

B7-H3—heterotypic fusion/multi- [63, 88)

nucleation

IFN interferon, PD-L1 programmed death ligand-1

although levels of STAT3 and phosphorylated STAT3 were
not changed in PD-L1 knockdown cells [59]. Recent studies in
the past few years have begun to implicate B7-H3 in regulat-
ing the IFN-STAT1 axis. For example, Liu et al. demonstrated
that in tumor cells from B7-H3 knockdown or control Tsc2-
deficient tumors in mice, IFN-y response signature was the
second-most upregulated pathway. Increased phosphorylated
STAT-1 and STAT1 levels were also found in B7-H3 knock-
down tumor cells compared to control. Furthermore, a differ-
ence in phosphorylated STAT1 and STAT1 was not observed
in B7-H3 proficient and deficient cultured cells in the pres-
ence of activated T cells, suggesting that the TME is required
for the upregulation of IFNy in response to B7-H3 deficiency
[60]. It remains unclear which cells in the TME are responsible
for this difference; however, one hypothesis is that TAMs are
implicated.

Huang et al. showed that tumor cells from B7-H3 knockout
ID8 ovarian tumor-bearing mice, compared to B7-H3 wild
type, showed markedly increased expression of IFN-f and its
downstream genes which included STAT1 and increased the
phosphorylation of STAT1 [61]. Additionally, Purvis et al.
showed that transfection of D283 cells in vitro with miR-29,
which targets and downregulates B7-H3 expression, led to
marked upregulation of STAT1 expression and transcriptional
activity [62]. These results are consistent with the results of
Oh et al. who showed that the IFN-STAT1 pathway genes
were among the top upregulated genes in B7-H3 knockdown
mononuclear cells [63]. Consistent with these findings, the
cancer genome atlas (TCGA) analysis of cutaneous melanoma
patients shows that B7-H3 mRNA expression has an inverse
correlation with STAT1 and IFNy (Fig. 1).

Potential mechanisms of IFN-STAT1
regulation by B7-H3 in the tumor
microenvironment

Despite emerging evidence supporting the role of B7-H3

in regulating the IFN-STAT1 axis, the potential mecha-
nism through which this occurs and the overall effect on
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the TME remains unclear. The role of B7-H3 in activating
downstream STAT3 signaling has been well established.
Furthermore, STAT1 and STAT3 signaling activation is
reciprocally regulated such that STAT1 activation leads to
STAT3 downregulation and vice versa [64—69]. Thus, the
indirect inhibition of STAT1 signaling via B7-H3-mediated
STATS3 signaling activation is one theoretical mechanism
in which B7-H3 may regulate the IFN-STAT1 axis (Fig. 2).
Prior studies that have investigated that B7-H3 shows incon-
sistent results with respect to its effects on tumorigenesis. In
other words, certain studies have demonstrated anti-tumor
effects of B7-H3, although most studies show that it has
pro-tumorigenic effects [70]. Since STAT1 has also been
shown to have both tumor-suppressive and tumor-promoting
effects, the opposing roles of B7-H3 on tumorigenesis may
be explained at least in part by its effects on regulating the
IFN-STATT1 axis [53, 56].

A)

Tumor cell Macrophage (M2)

< STAT3 <+
STATI *-

C)

Tumor cell Macrophage (M1)

Fig.2 Schematic diagram of the theoretical function of B7-H3 in
regulating interferon (IFN) priming of tumor-associated macrophages
(TAMs) via reciprocal STAT3 and STATI activation. B7-H3-intact
tumor cells will exhibit sustained STAT3 activation and reciprocal
STAT1 inhibition, which reduce sensitivity to IFN, thereby ham-
pering IFN-mediated tumoricidal effects and enhancing tumor cell
growth and proliferation (A). B7-H3-deficient tumor cells will show
decreased STAT3-dependent STAT1 inhibition leading to increased
sensitivity and induction of IFN-stimulated genes. Consequently,

B)

Forward versus backward signaling of B7-H3

B7-H3 engages unknown binding partners on CD4 4 and
CD8 + T cells and NK cells in exerting its effects on
immune cells via forward signaling [8, 11]. On the other
hand, in studies investigating its effects on cancer cells,
B7-H3 is studied largely as a receptor rather than a ligand
(backward signaling) [8, 10]. However, contemporary
studies investigating B7-H3 often overlook this distinction
between forward versus backward signaling. Thus, closer
attention to this distinction is warranted when investigat-
ing B7-H3 function in future studies. While B7-H3-STAT3
and B7-H3-mTOR axes have been described in the con-
text of B7-H3 modulating tumor cell function, the specific
motifs responsible for mediating downstream signaling
still need to be better understood and studied. Likewise,

Tumor cell

Macrophage (M2->M1)

Tumor cell Macrophage (M1)

B7-H3-deficient tumor cells will produce more IFN, which will
stimulate M1 polarization of TAMs (B). Response to IFN sensitiv-
ity will depend on the relative strength of B7-H3-STAT3 signaling
intrinsic to tumor cells if B7-H3 deficiency affects the cells in the
tumor microenvironment such as TAMs rather than in tumor cells. In
other words, enhanced B7-H3-STAT3 signaling in tumor cells will
increase resistance to IFN and vice versa (C). The balance of recipro-
cal STAT3 and STAT1 activation will modulate B7-H3-mediated IFN
effects
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there is a paucity of studies that have evaluated the spe-
cific motifs that mediate downstream signaling in PD-L1,
although Gato-Caiias et al. have described a phylogeneti-
cally conserved motif in the cytoplasmic domain that may
have a role in inhibiting IFN-f-induced STAT3 activation
[59]. Thus, identification of specific motifs that mediate
downstream signaling in B7-H3 is an area of research that
warrant further investigation.

Cellular localization and intracellular
compartmentalization of B7-H3

Prior functional studies of B7-H3 show a discrepancy in
their experimental results depending on the experimen-
tal model and methodology as well as whether the study
subject is the TME or the tumor itself. For instance, recent
studies showed that B7-H3 expression levels on host cells
do not affect tumor growth, indicating the importance of
tumor-intrinsic B7-H3; furthermore, others have shown the
importance of B7-H3 expression on antigen-presenting cells
(APCs) [61, 71, 72]. Notably, in vitro studies showed that
suppressing B7-H3 expression in cancer cell lines do not
affect cancer cell proliferation and invasion [61, 71, 72]. On
the other hand, in vivo studies show that B7-H3 suppres-
sion markedly inhibits tumor growth [61, 71, 72]. Thus, the
anti-tumor effects of B7-H3 suppression are only manifested
when the inhibition occurs in the context of an intact TME.
B7-H3 demonstrates cytoplasmic and nuclear localiza-
tion in addition to cell surface expression [11]. Immuno-
histochemical staining show that B7-H3 expression is seen
on the cell surface as well as in the cytoplasm and nucleus
of cancer tissues [73—75]. Furthermore, higher cytoplasmic
B7-H3 expression compared to membranous expression has
been noted in clear cell renal cell carcinoma (RCC) [76].
Additionally, nuclear B7-H3 expression is seen in an esti-
mated 30% of CRC where nuclear expression is correlated
with worse survival [77]. Thus, specific cellular compart-
mentalization of B7-H3 warrants closer attention in future
studies evaluating its associations with clinical outcomes.

Relationship between B7-H3 and other

B7 family members including PD-L1

and potential for synergism between PD-L1
and B7-H3 blockade

B7-H3 expression has been correlated with PD-L1 expres-
sion in preclinical and clinical studies of various cancers
(Table 2). TCGA analysis shows that B7-H3 mRNA
expression negatively correlates with PD-L1 mRNA lev-
els in cutaneous melanoma patients (Fig. 1). Furthermore,
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PD-L1 protein expression has been shown to be upregu-
lated in tumor cells after B7-H3 knockdown in mice [60].
However, other studies have shown inconsistent results.
For example, B7-H3 mRNA expression was found to be
directly correlated with PD-L1 mRNA levels in a pan-
cancer analysis in patient tumor samples [18]. Given that
B7-H3 is upregulated by inflammatory cytokines such as
IFN and pathological molecular patterns such as lipopoly-
saccharide, B7-H3 may have been upregulated non-specif-
ically in tissues where inflammatory cells are abundant.
PD-L1 is similarly upregulated by IFN signaling non-
specifically in such situations due to inflammation [53].
Additionally, Yonesaka et al. have also shown inconsist-
ent results which indicated that anti-B7-H3 treatment had
no effect on PD-L1 expression [78]. However, this study
observed the results at only one early time point and con-
sequently cannot rule out the possibility that the expres-
sion levels of both B7-H3 and PD-L1 recovered at the time
point of observation. Furthermore, given the majority of
studies that have demonstrated similar results suggesting
that PD-L1 expression is upregulated by B7-H3 blockade,
it is more likely that B7-H3 and PD-L1 have an inverse
correlation that may have a mechanistic underpinning [61,
72, 78].

Inhibition of a single tumor-promoting immune check-
point has shown to be ineffective if other distinct tumor-
promoting immune checkpoints are co-expressed and
exerting their effects [68]. For example, anti-PD-1-resist-
ant human ovarian tumors exhibit high B7-H3 expression,
and B7-H3 inhibition leads to decreased tumor growth
[71]. However, B7-H3 knockdown tumors show upregula-
tion of PD-L1 and IDO transcripts, indicating that inhibi-
tion of a single tumor-promoting immune checkpoint leads
to compensatory expression of additional distinct tumor-
promoting inhibitory immune checkpoints and molecules
[60]. Furthermore, Yonesaka et al. showed that anti-B7-H3
monotherapy led to marked tumor growth inhibition until
day 31 in NSCLC tumors which was followed by rapid
tumor growth due to reduced treatment efficacy [78].
Concomitant targeting of additional inhibitory immune
checkpoints with B7-H3 inhibition has shown increased
anti-tumor efficacy in animal studies with varying degrees
of efficacy depending on the combination regimen. For
example, Shi et al. showed that in prostate cancer models,
concomitant pharmacological anti-B7-H3 and anti-CTLA4
inhibition led to a greatest tumor shrinkage compared to
anti-B7-H3 combined with either anti-PD-1 or anti-PD-L1
inhibition [79]. Thus, successful ICI treatment will neces-
sitate improving the understanding of the temporal evolu-
tion of tumor-promoting immune checkpoints by tumors
in the face of therapeutic pressure and development of
rationally sequenced and combined ICI regimens.



Immunologic Research (2024) 72:526-537

533

Regulation of tumor-associated macrophage
polarization and potential involvement

in heterotopic fusion of cancer stem cells
and macrophages by B7-H3

APCs expressing B7-H3 have been shown to promote
tumor progression via suppression of effector CD8 + and
NK cell function [8, 11]. As aforementioned, accumu-
lating evidence has shown that B7-H3 enhances M2
macrophage polarization (Table 2). For example, Miy-
amoto et al. showed that in B7-H3 knockout tumors,
F4/80 + CD206 + M2 macrophages were decreased,
whereas M1 macrophages were unchanged. In this study,
M2 markers such as Argl and IL-10 were decreased in
macrophages of B7-H3 knockout tumors and increased
IFNyYCD8 + T cells were observed [48]. In line with this
data, Cai et al. showed that B7-H3 was highly expressed
on tumor-infiltrating APCs in human ovarian tumors
including CD14 + HLA-Dhi macrophages. Additionally,
compared to B7-H3 wild-type tumors, CD8+ T cells
isolated from B7-H3 knockout ID8 tumor-bearing mice
showed decreased PD-1 expression and increased cyto-
toxicity as exemplified by IFNy, TNFa, and granzyme
B production upon in vitro stimulation. Furthermore,
increased tumor-infiltrating CD4 + T cells and TNF«
and IFNy-expressing NK cells were also observed [71].
Moreover, Kang et al. showed that the number of TAMs in
human hepatocellular carcinoma tissue samples was posi-
tively correlated with B7-H3 expression. Additionally,
B7-H3 promoted PMA-induced THP-1 cells to differenti-
ate into M2-like macrophages, as exemplified by Argl,
VEGF, and CCL22 expression. This polarization was
reversed by B7-H3 knock down or via STAT3 inhibition
[80]. Other studies have shown that B7-H3 expression on
TAMs directly inhibits anti-tumor T cell responses [49].

Cancer stem cells (CSCs) represent long-lived, ther-
apy-resistant, immune-evasive cancer cells that harbor the
cellular properties of quiescence, pluripotency, and self-
renewal [81]. They have been described in both hematoge-
nous and various solid tumor malignancies and are thought
to drive tumor growth, proliferation, and metastasis [82,
83]. Recent studies have described the phenomenon of het-
erotypic fusion between putative CSCs and macrophages
through which CSCs attain migratory and invasive
properties as well as immune cell trafficking and hom-
ing abilities, thereby driving tumor heterogeneity, meta-
static organotropism, and survival in circulation [84-87].
Ahmadzadeh et al. showed that B7-H3 is upregulated by
Langerhans giant cells (LGCs) during multi-nucleation.
In this study, increased B7-H3 transcripts and cell sur-
face protein expression were observed in both LGCs and
osteoclasts [88]. Similarly, Oh et al. showed that B7-H3

is also upregulated during osteoclast precursor cells dur-
ing differentiation into osteoclasts [63]. Furthermore, the
rate of cell fusion has been shown to be increased during
polarization of macrophages to an M2-like phenotype, and
during cell fusion, hybrid cells show heightened meta-
bolic activity and demonstrate increased glycolysis to
support proliferation [§9-91]. Thus, multi-nucleation and
polarization of macrophages to an M2-like state appear
to accompany the heterotypic fusion of CSC and mac-
rophages. Given that IFNy-STAT1 axis has been shown
to increase the metastatic potential of CSCs, IFN-STAT
axis is a potential mechanism of regulating this process by
B7-H3 that warrants further evaluation [92].

The receptor activator of nuclear factor kappa beta ligand
(RANKL) has been implicated in promoting cancer cell
migration and bone metastasis [93]. Li et al. showed that
tumor cell-macrophage fusion has an important role in the
recruitment of stromal and immune cells in the TME and
promoting angiogenesis. In this study, bone marrow mac-
rophage growth and cell—cell fusion were stimulated using
M-CSF and RANKL media [94]. Thus, like its effects in
promoting multi-nucleation in osteoclastogenesis, RANKL
may have an important role in the fusogenic mechanism of
tumor-macrophage hybrid cells. Furthermore, Gast et al.
showed in an in vitro study of macrophage-cancer cell fusion
hybrids that a subclone of melanoma cells (B16F10) showed
high levels of RANK mRNA expression [86]. Additionally,
RANK and RANKL expression has been demonstrated in
primary human oral cavity squamous cell carcinoma and
showed that RANKL increased tumor cell proliferation [95].

Taken together, B7-H3 stimulates several cellular processes
that are also hallmark features of heterotypic fusion of CSCs
and TAMs such as M2 polarization of macrophages, which
enhanced aerobic glycolysis [38, 40, 48, 80, 96-98]. Fur-
thermore, B7-H3 inhibition leads to inhibition of RANKL-
induced multi-nucleated osteoclast formation [63]. Addition-
ally, B7-H3 is expressed on CSCs in human head and neck
cancer cells, in which it is associated with the promotion of
EMT and lymph node metastasis [99]. Thus, B7-H3 appears
to be involved in several cellular processes that are key fea-
tures of heterotypic fusion of CSCs and macrophages, sug-
gesting that B7-H3 may be implicated in this process. Indeed,
the role of B7-H3 in the heterotypic fusion of cancer cells and
macrophages warrants further investigation.

Conclusion

B7-H3 is a putative inhibitory immune checkpoint that is
emerging as a clinically relevant immune checkpoint tar-
get in anti-cancer therapy development. In parallel to its
known non-immunologic tumor-promoting effects and
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accumulating clinical evidence supporting the potential
safety and efficacy of targeting B7-H3, studies elucidating
its immune regulatory function in the TME are emerging.
Notably among these studies, the role of B7-H3 in regulating
the IFN-STAT1 axis and promoting macrophage polariza-
tion to an M2-like phenotype has received increasing atten-
tion. The contrasting functions of B7-H3 such as its immune
stimulatory and inhibitory functions and its tumor promoting
and suppressive effects that have been demonstrated in dif-
ferent contexts such as in autoimmune disorders or in cancer
and in different types of cancer models may be explained
in part by its fine tuning of the IFN-STAT axis. Moreover,
there is supporting evidence to suggest that B7-H3 may be
involved in the heterotypic fusion of CSCs and TAMs. Based
on the currently available data, the role of B7-H3 in regulat-
ing IFN-induced priming of TAMs as well as in regulating
the heterotypic fusion of CSCs and TAMs warrants further
investigation.
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