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Tumor-associated macrophages (TAMs) exert integrated ef-
fects in all aspects of tumor progression, including tumor cell
proliferation, angiogenesis, invasion, and metastasis. Recently,
considerable preclinical and clinical trials have demonstrated
that TAM-targeted therapy is an effective antitumor therapeu-
tic approach, especially as a complementary strategy in combi-
nation with conventional chemotherapy, radiotherapy, or
emerging immunotherapy. Here, we review all of the current
clinical trials targeting TAMs worldwide up to May 2021 and
highlight instances of the synergetic therapeutic efficacy of
TAM-targeted combined therapeutic strategies. In total, 606
clinical trials were conducted, including 143 tested products.
There has been explosive growth in macrophage-targeted ther-
apy around the world during the past decade. Most trials were
at early phase, and two-thirds used macrophage-targeting ther-
apy as part of a combination approach. The most common
combination is that of traditional chemotherapy with TAM-
targeted therapy, followed by immune checkpoint inhibitors
and targeted drugs. TAM-targeted therapeutic approaches are
a newly emerging but rapidly developing area of anticancer
therapy, especially as a combinatorial therapeutic approach.
Further investigation of promising combination strategies
will pave the way to more effective anticancer therapies.
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INTRODUCTION
The tumor microenvironment (TME) is a complex and continuously
evolving entity in which tumor cells, stromal cells, and immune cells
interact dynamically and reciprocally.1 As the critical infiltrated im-
mune cell types in the TME, tumor-associated macrophages
(TAMs) exert integrated effects in all aspects of tumor progression,
including promoting tumor cell proliferation and tumor angiogen-
esis, participating in tumor invasion and metastasis, mediating
immune suppression, shaping and remodeling the TME, and contrib-
uting to tumor immune escape.2,3 Hence, it is understandable that
TAMs-targeted therapy has emerged as a major research area in the
future of cancer therapy.

According to different stimulating factors and secreted products,
macrophages can be polarized into two functional categories: a
Molecular
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classically activated M1-like phenotype with pathogen-killing,
proinflammatory abilities and an alternatively activated M2-like
phenotype with tumor-promoting, anti-inflammatory functions.4

However, increasing evidences indicate that the M1/M2 dichot-
omy is an oversimplification, and that macrophages within each
class are heterogeneous phenotypically, transcriptionally, and
functionally.5 TAMs share markers of both M1 and M2 macro-
phages, but they have a unique transcriptional profile that is
distinct from both M1 and M2 macrophages.4 Current potential
therapeutic strategies to target TAMs can be roughly divided
into two types: the inhibition of pro-tumor TAMs via eliminating
existent TAMs or inhibiting further TAM recruitment, and the
activation of antitumor TAMs via reprogramming pro-tumori-
genic TAMs into antitumorigenic TAMs (Figure 1).5–7 Consider-
able preclinical and clinical trials have demonstrated that the
TAM-targeted therapeutic approach is an effective antitumor
strategy.5,7,8 However, more effective antitumor treatments are
usually the result of a combination of multiple treatment strate-
gies. In this vein, TAM-targeted therapy, as a complementary
strategy in combination with conventional chemotherapy, radio-
therapy, or emerging immunotherapy, has attained inspiring anti-
tumor efficacy in recent studies.

Here, we review the current clinical strategies for targeting TAMs, and
highlight the synergetic therapeutic efficacy of TAM-targeted com-
bined therapeutic strategies to lay the foundation for the clinical
application of combined therapeutic strategies. We also discuss
some promising potential strategies in the future of cancer
immunotherapy.
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Figure 1. The anticancer mechanisms of TAM-

targeted therapy
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TRENDS IN THE NUMBER OF CLINICAL TRIALS OF
TAM-TARGETED THERAPIES
We collected the details of clinical trials targeting TAMs for all kinds
of tumors up to May 30, 2021 worldwide from the Pharmaprojects
database, developed by a leading international research group known
as INFORMAS (Table 1). Pharmaprojects indexes information from
over 40,000 public sources. In total, 606 clinical trials with 143 tested
products were analyzed. Most trials were Phase I, I/II, or II (570,
94.1%), and only 36 (5.9%) trials were in Phase II/III, III or IV devel-
opment. Among all the trials, 260 (42.9%) have been completed, while
146 (24.1%) have been terminated and 37 (6.1%) closed. About two-
thirds of the trials (406, 67.0%) focused on solid tumors, and the re-
maining one-third (226, 37.3%) focused on hematological tumors. A
total of 353 (58.3%) trials were carried out to evaluate safety, and the
remaining 253 (41.7%) were carried out to evaluate efficacy. The pa-
tient population had mostly stage III to IV tumors (315, 52.0%) and
were receiving second- or later-line treatment (446, 73.6%). More
than half of the trials (370, 61.1%) targeted macrophages as a combi-
nation therapy agent, while 236 (38.9%) studiedmacrophage-targeted
therapy as a monotherapy.

These clinical trials were conducted mainly in the United States and
48 trials were conducted in China. The characteristics of the trials in
China were similar to those worldwide, including 30 (62.5%)
focused on solid tumors and 22 (45.8%) focused on hematological
tumors. The trials in Phase I, I/II, II made up the majority (43,
89.6%); only 4 (8.3%) trials were in Phase III, and no trial had
entered into Phase IV in China as of our endpoint. A total of
35.4% (17) of the trials have been completed, and 56.3% (27) aimed
to evaluate safety as the primary endpoint. The patients in the
China trials had mostly late stage cancers, and only 7 (14.6%) trials
were in the first-line setting. We also reviewed clinical data on
TAM-targeted therapy from January 1, 2013 to May 30, 2021 in
the database from the Center for Drug Evaluation (CDE) of China
(Table 2). Of these trials, 28 have been registered, 6 trials have been
completed, and most trials are ongoing.
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The number of trials involving TAM-targeted
therapy is increasing worldwide, in the United
States, and in China over the past 10 years.
There has been explosive growth in the number
of macrophage-targeted therapies worldwide
since 2010, especially since 2017 (Figure 2).

TRENDS IN CLINICAL TRIALS
ACCORDING TO DIFFERENT
MECHANISMS
To date, the clinical data with respect to TAM-
targeted tumor therapy have been encouraging.
Here, we summarize the therapeutic strategies
according to their different mechanisms (Table 3). Broadly speaking,
we have divided therapies into those that inhibit mononuclear macro-
phage recruitment, those that deplete TAMs, and those that repro-
gram TAMs (Figure 1).

Inhibiting recruitment

Chemokine signaling is crucial for tumorigenesis, proliferation,
angiogenesis, tumor progression, and metastasis through the recruit-
ment of TAMs to the tumor site.9 Several chemokine signaling axes,
for instance, C-C motif chemokine ligand 2 (CCL2)/C-C motif che-
mokine receptor 2 (CCR2), C-C motif chemokine ligand 5 (CCL5)/
C-C motif chemokine receptor 5 (CCR5) and C-X-C motif chemo-
kine ligand 12 (CXCL12)/C-X-C motif chemokine receptor 4
(CXCR4) axis were investigated in detail and appear to be promising
therapeutic targets for targeting TAM.

The CCL2/CCR2 axis

Numerous studies have suggested that the CCL2/CCR2 axis can acti-
vate cancer cells through a variety of mechanisms, including recruit-
ing monocytes expressing CCR2 from peripheral blood to the tumor
site, promoting maturation of those monocytes into TAMs, and pro-
moting cancer metastasis by enhancing TAM retention via a CCL2-
induced chemokine cascade.10,11 The CCL2 levels in tumor tissue
have been reported as potential biomarkers in a variety of cancer
types.12 However, the agents targeting the CCL2/CCR2 axis are still
clinically not available as anticancer approaches. Several clinical trials
have been completed with a relative low objective response rate
(<30%), whether single-agent therapy or the combination therapy
of a CCR2 inhibitor with conventional chemotherapy.13–15 In total,
14 trials targeting the CCL2/CCR2 axis have been conducted. Five
drugs have been studied, but only one drug is still active. BMS-
813160 is now in Phase II trials for use in colorectal cancer and
pancreatic cancer therapy.

There are many potential reasons for the disappointing clinical re-
sults of these agents. The most important explanation may be a lack
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Table 1. Classification and characteristics of clinical trials on TAM-targeted therapy

Characteristics and
trial type

China,
N (%)

USA,
N (%)

Others,
N (%)

Monotherapy,
N (%)

Combination
therapy, N (%)

Total
N (%)

Phase I 22 (45.8) 147 (43.5) 79 (35.9) 105 (44.5) 143 (38.6) 248 (40.9)

Phase I/II 11 (22.9) 87 (25.7) 56 (25.5) 33 (14.0) 121 (32.7) 154 (25.4)

Phase II 10 (20.8) 94 (27.8) 64 (29.1) 78 (33.1) 90 (24.3) 168 (27.7)

Phase II/III 1 (2.1) 1 (0.3) 4 (1.8) 3 (1.3) 3 (0.8) 6 (1.0)

Phase III 4 (8.3) 6 (1.8) 15 (6.8) 7 (3.0) 18 (4.9) 25 (4.1)

Phase IV 0 3 (0.9) 2 (0.9) 4 (1.7) 1 (0.3) 5 (0.8)

Trial status

Open 24 (50.0) 93 (27.5) 42 (19.1) 47 (19.9) 112 (30.3) 159 (26.2)

Closed 2 (4.2) 18 (5.3) 17 (7.7) 10 (4.3) 27 (7.3) 37 (6.1)

Completed 17 (35.4) 134 (39.6) 109 (49.5) 116 (49.2) 144 (38.9) 260 (42.9)

Terminated 5 (10.4) 93 (27.5) 48 (21.8) 63 (26.7) 83 (22.4) 146 (24.1)

Primary endpoint

Safety 27 (56.3) 208 (61.5) 118 (53.6) 132 (55.9) 221 (59.7) 353 (58.3)

Efficacy 21 (43.8) 130 (38.5) 102 (46.4) 104 (44.1) 149 (40.3) 253 (41.7)

Line of therapy

Neoadjuvant 0 23 (6.8) 7 (3.2) 11 (4.7) 19 (5.1) 30 (5.0)

Adjuvant 0 12 (3.6) 7 (3.2) 4 (1.7) 15 (4.1) 19 (3.1)

First line 7 (14.6) 67 (19.8) 44 (20.0) 20 (8.5) 99 (26.8) 119 (19.6)

Second line 27 (56.3) 193 (57.1) 118 (53.6) 131 (55.5) 207 (55.9) 338 (55.8)

Latter line 13 (27.1) 55 (16.3) 40 (18.2) 36 (15.3) 72 (19.5) 108 (17.8)

N/A 7 (14.6) 59 (17.5) 54 (24.5) 69 (29.3) 51 (13.8) 120 (19.8)

Stage of disease

Early stage 0 38 (11.2) 24 (10.9) 21 (8.9) 41 (11.1) 62 (10.2)

III/IV 21 (43.8) 135 (39.9) 88 (40.0) 86 (36.4) 158 (42.7) 244 (40.3)

IV 2 (4.2) 34 (10.1) 35 (15.9) 23 (9.7) 48 (13.0) 71 (11.7)

N/A 25 (52.1) 135 (39.9) 78 (35.5) 96 (40.7) 142 (38.4) 238 (39.3)

Tumor category

Solid tumor 30 (62.5) 226 (66.9) 150 (68.2) 144 (61.0) 262 (70.8) 406 (67.0)

Hematological tumor 22 (45.8) 126 (37.3) 78 (35.5) 115 (48.7) 111 (30.0) 226 (37.3)

Unspecific tumor 0 4 (1.2) 1 (0.5) 0 5 (1.4) 5 (0.8)

Total 48 (7.9) 338 (55.8) 220 (36.3) 236 (38.9) 370 (61.1) 606

N/A, not applicable.
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of proper patient selection; patients whose tumors show high
expression of CCR2 by immunohistochemistry or other methods
have an improved chance of benefiting from these therapies. The se-
lection of cancer types is also essential for trial success. The CCL2/
CCR2 axis may play more important roles in cancers with high
immunogenicity than in those with low immunogenicity. Finally,
considering the multifunctional nature of CCL2 in various organs
such as the lung and digestive tract, the blockage of the CCL2/
CCR2 axis may cause unexpected side effects on cancer patients.12,13

Further studies are necessary to fully understand the complicated
dynamics and functions of CCL2/CCR2 in the TME for different
cancers.
The CCL5/CCR5 axis

More recently, CCR5 has attracted extensive attention as a new ther-
apeutic target for metastatic cancer due to its strong associations with
tumor progression and metastasis.16 Previous studies have demon-
strated that elevated levels of CCR5 are indicative of poor prognosis
in various cancers, including breast, pancreatic, cervical, prostate,
and gastric cancers.17 CCR5 can induce tumor cell homing to meta-
static sites, promote pro-tumorigenic and pro-metastatic inflamma-
tion, induce proliferative signaling, angiogenesis, and resistance to
cell death, and also deregulate cellular energetics.18,19 CCR5 antago-
nists have been developed for HIV treatment, as this receptor is an
essential co-receptor for entry of the virus into cells. Maraviroc, a
Molecular Therapy: Oncolytics Vol. 24 March 2022 801
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Table 2. Clinical trials on TAM-targeted therapy from CDE database

Trial ID Mechanisms Drugs Tumors Trial Phase Trial status Started year Combination status

CTR20150824

CSF-1/CSF-1R

Sulfatinib thyroid carcinoma II completed 2015 monotherapy

CTR20160572 Sulfatinib biliary tract carcinoma II completed 2016 monotherapy

CTR20150737 Sulfatinib pancreatic neuroendocrine III open 2015 monotherapy

CTR20160448 PLX3397 melanoma I/II terminated 2016 monotherapy

CTR20170936 chiauranib hepatocellular carcinoma I completed 2017 monotherapy

CTR20170246 chiauranib non-Hodgkin’s lymphoma I completed 2017 monotherapy

CTR20170765 chiauranib small cell lung cancer I open 2017 monotherapy

CTR20170767 chiauranib ovarian cancer I completed 2017 monotherapy

CTR20190609 chiauranib ovarian cancer II completed 2019 chemotherapy

CTR20210658 chiauranib small-cell lung cancer III open 2021 monotherapy

CTR20171427 CM082 gastric cancer I open 2017 chemotherapy

CTR20160487 CM082 acute myeloid leukemia I open 2016 monotherapy

CTR20210743 ABSK021 advanced solid tumor I open 2021 monotherapy

CTR20201034 surufatinib advanced solid tumor I open 2020 PD-1 inhibitor

CTR20181945 surufatinib biliary tract carcinoma II/III open 2018 monotherapy

CTR20132583
CXCL12/CXCR4

plerixafor non-Hodgkin’s lymphoma III completed 2014 chemotherapy

CTR20130291 Burixafor acute myeloid leukemia I completed 2016 chemotherapy

CTR20200132
PI3Kg signal pathway

Duvelisib follicular lymphoma II open 2020 monotherapy

CTR20182057 CT365 advanced solid tumor I open 2018 monotherapy

CTR20200204 TLR7 TQ-A3334 non-small cell lung cancer I open 2020 monotherapy

CTR20201728 TLR8 DN1508052-01 advanced solid tumors I open 2020 monotherapy

CTR20192522

CD47/SIRPa pathway

TJ011133 acute myeloid leukemia I/II open 2019 chemotherapy

CTR20210555 TJ011133 acute myeloid leukemia I/II open 2021 chemotherapy

CTR20192612 IMM0306 non-Hodgkin’s lymphoma I open 2020 monotherapy

CTR20181964 SHR-1603 advanced solid tumor I terminated 2018 monotherapy

CTR20200175 IBI322 advanced malignant tumors I open 2020 monotherapy

CTR20191531 IMM01 lymphoma I open 2019 monotherapy

CTR20202684 AK117 advanced solid tumors/lymphomas I open 2020 monotherapy

CTR20200938 IBI188 acute myeloid leukemia I open 2020 chemotherapy

CTR20210761 IBI188 advanced malignant tumors I open 2021 PD-1 inhibitor chemotherapy
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small molecule inhibitor of CCR5, was approved by the US Food and
Drug Administration (FDA) for HIV therapy in 2007, and leronli-
mab, a humanized monoclonal antibody, reached the preregistration
status for HIV therapy in July 2021. Several clinical trials have at-
tempted the repurposing of these CCR5-targeted agents for cancer
therapy.18 Our database searches identified 10 trials targeting the
CCL5/CCR5 axis in the cancer setting, with 4 active drugs, including
maraviroc and leronlimab. More clinical trials are still needed to
assess the efficacy and safety of this therapeutic approach in patients
with metastatic tumors.

The CXCL12/CXCR4 axis

The role of CXCL12/CXCR4 in tumor cell proliferation, migration,
and angiogenesis has been recognized for over 2 decades.19 Recent
studies have confirmed the role of CXCR4 in promoting M2-like po-
802 Molecular Therapy: Oncolytics Vol. 24 March 2022
larization of macrophages in various cancers, thus turning the TME
toward an immunosuppressive environment.20 Strategies for the inhi-
bition of CXCR4 have been developed and studied both preclinically
and clinically in both hematologic and solid tumors, and thus far
appear to be effective, safe, and well tolerated.21

TAM depletion and inhibition of activation

Colony-stimulating factor (CSF)-1/CSF-1 receptor (CSF-1R)

signaling pathway

CSF-1/CSF-1R signaling plays important roles in TAM biology,
including the recruitment of monocytes into tumors, and polarization
of those cells toward a pro-tumor M2-like phenotype, which is usually
linked with poor prognosis in cancer patients.22 CSF-1/CSF-1R axis
blockade, including via kinase inhibitors and antibodies, can attenuate
tumor cell proliferation, tumor-associated angiogenesis, reprogram
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Figure 2. Trends in clinical trials on TAM-targeted therapy worldwide, the

United States, China, and other countries in the past 10 years
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TAMs toward M1-like phenotype, stimulate CD8+ cell activation, and
eventually impede tumor progression.22,23 However, CSF-1R blockade
alone achievesmodest therapeutic benefit, leading to the delay of tumor
growth at most. Among the 11 active drugs and 58 trials identified by
our analysis, surprisingly, two drugs have launched. Pexidartinib
(PLX-3397), a CSF-1R kinase inhibitor, received FDA approval for
the treatment of adult patients with symptomatic tenosynovial giant
cell tumor with severe morbidity or functional limitations that is not
amenable to improvement with surgery as an orphan drug through
the expedited review designation in 2019. Recently, surufatinib
(HMPL-012), a CSF-1R kinase inhibitor, launched for the treatment
of both pancreatic and non-pancreatic neuroendocrine tumors in
China in June 2021. The launch of this therapy in the United States is
expected in 2022. Although these kinase inhibitors have demonstrated
exciting results, antibodies targeting CSF-1R, such as cabiralizumab
and emactuzumab, are still under investigation in Phase I trials in com-
bination with radiotherapy, immune checkpoint blockers (ICBs), or
other TAM-targeted agents, such as CD40 agonists, in various solid tu-
mors.24–26Given the acceptable safety andmodest antitumor activity of
these agents, more clinical phases are expected in the future.

Other drugs for TAM depletion

Trabectedin is a marine-derived alkaloid that can induce the specific
death of monocytes/macrophages by the tumor necrosis factor
(TNF)-related apoptosis-inducing ligand-dependent pathway. It can
selectively reduce the number of TAMs, but it does not affect neutro-
phils or lymphocytes in the TME. This depletion is accompanied by
decreased angiogenesis and activated cytotoxic T lymphocytes, lead-
ing to promising clinical outcomes.27 Trabectedin has been approved
by the FDA for the treatment of unresectable or metastatic liposar-
coma and leiomyosarcoma.

Bisphosphonates can deplete TAMs selectively by suppressing the
migration, invasion, and tumor infiltration of TAMs, and can reduce
tumor cell growth in preclinical breast cancer models. Bisphospho-
nates are generally packaged with liposomes in the current clinical tri-
als due to their macrophage-killing efficacy, usually relying on the
intrinsic phagocytic activities.28

Reprogramming TAMs

CD47/signal regulatory protein alpha (SIRP-a) axis

CD47, a transmembrane protein highly expressed in various tumor
cells, can inhibit the phagocytosis of TAMs via binding to SIRP-a
and transducing a “don’t eat me” (antiphagocytic) signal to TAMs,
leading to immune escape.29 Blocking the CD47/SIRP-a interaction
enhances the phagocytotic abilities of antigen-presenting cells, and
has been investigated as a promising anticancer approach in preclin-
ical and clinical studies.30 Blockade of CD47 is also under study as an
immune checkpoint therapy. In earlier studies, CD47 antibodies were
designed to inhibit tumor growth by restoring the phagocytic func-
tion of TAMs.31 However, there is more evidence that CD47 blockade
triggers the adaptive antitumor immune response, and most of the
antitumor effect is mediated by cross-priming antigens to CD8+

T cells by CD47-activated dendritic cells.32,33 Furthermore, it should
be noted that the ability of CD47 blockade to promote an immune
response is dependent upon the cytosolic sensing of tumor DNA by
dendritic cells (DCs). Although this does not negate the approach,
the degree to which efficacy is macrophage dependent is unclear.
The first-in-human Phase I trial of an anti-CD47 antibody, Hu5F9-
G4, in patients with advanced cancers was completed in 2019 and
demonstrated that the therapy is well tolerated.34 There are currently
14 active drugs targeting CD47 in 48 trials. However, most of them
are ongoing in Phase I or Phase II, and it is too early to evaluate
the safety or clinical efficacy profiles.

CD40/CD40L

CD40, a transmembrane cell surface glycoprotein, is a co-stimulatory
receptor belonging to the TNF receptor superfamily that is expressed
mainly on antigen-presenting cells. CD40-CD40L interaction is
responsible for the activation and proliferation of B cells, immuno-
globulin (Ig) isotope switch, and humoral immune memory.35 The
activation of CD40 can re-educate TAMs to promote anticancer ef-
fects independent of T cells.36 Several studies have indicated that
anti-CD40 antibodies can redirect the monocyte and macrophage
population to infiltrate tumors, upregulate matrix metalloproteinases,
and degrade fibrosis, and then convert TAM into activated macro-
phages with an anticancer phenotype.37 However, dacetuzumab, a
humanized anti-CD40 monoclonal antibody, failed to demonstrate
an improvement in complete response (CR) rates or objective
response rates (ORRs) in combination with rituximab ± chemo-
therapy for patients with diffuse large B cell lymphoma (DLBCL) in
a Phase II trial (NCT00529503), leading to a recommendation for
termination. With respect to the safety profile, dacetuzumab
increased the incidence and severity of hematopoietic cytopenias
and febrile neutropenia, which can be explained by the interaction
of the antibody with non-cancerous cells, including blood cells.38

The absence of significant clinical activity in early agents has resulted
in a number of studies focusing on modifications, including new
Molecular Therapy: Oncolytics Vol. 24 March 2022 803
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Table 3. Characteristics of clinical trials and drugs on TAM-targeted therapy stratified by targeting mechanisms

Targeting pathways and mechanisms Trials, N Drugs, N Active drugs Trial status Combination therapy

CSF-1/CSF-1R 58 20

ABSK-021 I monotherapy

AMB-051 II PD-1

ARRY-382 II PD-1

SNDX-6532 II monotherapy

chiauranib III chemotherapy

NMS-03592088 II monotherapy

pamufetinib III monotherapy

pexidartinib launched chemotherapy, radiotherapy, PD-1, targeted drugs

Q702 I PD-1

surufatinib launched chemotherapy

TPX-0022 I monotherapy

vorolanib III monotherapy

CCL2/CCR2 14 5
BMS-813160 II PD-1, chemotherapy, vaccination

CCX-872 II chemotherapy, radiotherapy

CCL5/CCR5 10 4

maraviroc I PD-1, chemotherapy

leronlimab II chemotherapy

OB-002 I monotherapy

vicriviroc II PD-1

CXCL12/CXCR4 115 15

balixafortide III chemotherapy

burixafor II chemotherapy

GMI-1359 I monotherapy

mavorixafor III targeted inhibitor

motixafortide III chemotherapy, PD-1, PD-L1, targeted inhibitor

CD40/CD40L 65 16

ABBV-368 I PD-1, chemotherapy

ABBV-927 II PD-1, chemotherapy

CDX-1140 I radiotherapy, vaccination

GEN-1042 II monotherapy

mitazalimab I chemotherapy

NG-350A I monotherapy

selicrelumab I PD-1, CTLA-4, chemotherapy, vaccination

SL-172154 I monotherapy

sotigalimab II PD-1, chemotherapy, radiotherapy, vaccination

YH-003 II PD-1, chemotherapy

TLRs 175 37

TLR7

AL-034 II targeted inhibitor

BDB-001 I PD-1, PD-L1

BDC-1001 II PD-1

BNT-411 II PD-L1, chemotherapy

DSP-0509 II PD-1

RG-6115 I monotherapy

imiquimod II monotherapy

MBS-8 I monotherapy

resiquimod II PD-1, vaccination

(Continued on next page)
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Table 3. Continued

Targeting pathways and mechanisms Trials, N Drugs, N Active drugs Trial status Combination therapy

TLR8

DNA1 I monotherapy

SBT-6050 I PD-1

DN-1508052 I monotherapy

motolimod II PD-1, chemotherapy, radiotherapy, targeted drugs

TLR9

AST008 II monotherapy

CMP-001 III PD-1

tilsotolimod III PD-1, CTLA4

SD-101 II PD-1, radiotherapy

cavrotolimod II PD-1

lefitolimod III CTLA4, chemotherapy

TLR5 MRx-518 II radiotherapy

TLR3
poly-ICLC III PD-1, vaccination, chemotherapy, radiotherapy

rintatolimod launched PD-1, vaccination, chemotherapy

PI3Kg signal pathway 90 12

copanlisib launched PD-1, CTLA4, chemotherapy, targeted drug

CT-365 I monotherapy

duvelisib launched PD-1, chemotherapy, targeted drug

eganelisib II monotherapy

gedatolisib I chemotherapy

SF-112 I PD-1, targeted inhibitor

tenalisib II PD-1, targeted inhibitor

CD47/SIRPa pathway 48 16

AK-47 II monotherapy

ALX-148 II PD-1, chemotherapy

AO-176 II PD-1, chemotherapy

CC-90002 I targeted antibody

HX-009 II PD-1

IBI-188 II chemotherapy

IBI-322 I monotherapy

IMC-002 I monotherapy

IMM-01 I monotherapy

IMM-0306 I monotherapy

lemzoparlimab II chemotherapy

magrolimab III PD-L1, chemotherapy, targeted drug

RRx-001 III chemotherapy, radiotherapy

TTI-622 II PD-1, chemotherapy

STING pathway 39 17

SNX-281 I PD-1

BMS-986301 I PD-1, CTLA-4

GSK-3745417 I PD-1

E�7766 I monotherapy

SYNB-1891 I PD-L1

TAK-676 I PD-1

MK-2118 I PD-1

ADU-S100 II PD-1, CTLA-4

IMSA101 II PD-1, PD-L1

CDK-002 II monotherapy

(Continued on next page)

Molecular Therapy: Oncolytics Vol. 24 March 2022 805

www.moleculartherapy.org

Review

http://www.moleculartherapy.org


Table 3. Continued

Targeting pathways and mechanisms Trials, N Drugs, N Active drugs Trial status Combination therapy

MK-1454 II PD-1

NOX66 II PD-1, chemotherapy, radiotherapy

SB-11285 II PD-1
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epitopes and new Fc region designs to improve clinical efficacy. In
addition, anti-CD40 antibody development has been historically chal-
lenging due to previous clinical results. There is a further therapeutic
opportunity to enhance the delivery of chemotherapy and achieve
even greater tumor regression. A recently developed agent called
NG-350A is an oncolytic adenoviral vector designed to deliver gene
therapy that encodes for an anti-CD40 monoclonal antibody. It can
selectively deliver antibodies to tumor cells locally and allows the an-
tibodies to be well tolerated and more effective. A first-in-human
Phase I trial will evaluate the safety and tolerability of NG-350A by
intravenous infusion as monotherapy or by combination with a
checkpoint inhibitor in 125 patients with metastatic or advanced
epithelial tumors.

Phosphoinositide 3-kinase (PI3K) g signal pathway

PI3K is a lipid kinase involved in intracellular signal transduction.
Activation of the PI3K pathway has been linked to tumor cell prolif-
eration, survival, and apoptosis through regulating various down-
stream molecules.39 Accumulating evidence both in vitro and in vivo
has indicated that PI3K signaling is a critical factor for drivingM2 po-
larization and M2-like TAMs-induced tumor cell invasion.40 Among
the PI3K families, PI3Kg has been found to be involved in various
steps of macrophage activation and function.41 Inhibition of PI3Kg
can block the immunosuppressive effects of TAMs, enhancing the
activation of cluster of CD8+ T cells and responses to immune check-
point inhibitors.41,42 Loss of PI3Kg expression also blocks TAM-
mediated tumor metastasis in a number of tumor models.43 A total
of 90 trials have focused on the PI3K pathway associated with
TAMs, studying 7 active drugs. All of them are currently in Phase I
or II trials. From the onset, these drugs were developed mainly to
target the PI3K/mammalian target of rapamycin (mTOR) dual path-
ways, which leads to excess on-target adverse events without adding
significant benefits due to the full blockade of PI3K/mTOR signaling.
In the ROVER study (NCT01442090), the first Phase II trial to
compare the dual inhibition by apitolisib against single mTOR inhi-
bition by everolimus in metastatic renal cell carcinoma, apitolisib
demonstrated limited efficacy, while half of the patients who have
been treated with apitolisib required treatment modifications and
nearly one-third discontinued treatment permanently.44 Therefore,
the development of single pan-class PI3K inhibitors and even highly
selective isoform-specific PI3K inhibitors were eagerly expected. The
trials of some agents have been discontinued—namely pictilisib for
insufficient efficacy, buparlisib for excessive toxicity, and taselisib
for lack of a clinically meaningful benefit; fortunately, two PI3K in-
hibitors have received approval for clinical use.45,46 Copanlisib, a
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pan-PI3K inhibitor, has been approved to treat adult patients with
follicular B cell non-Hodgkin’s lymphoma who have relapsed disease
following at least two prior systemic therapies. In 2021, it was also
designated as an orphan drug for the treatment of chronic lympho-
cytic leukemia/small lymphocytic lymphoma. In addition, duvelisib
(IPI-145), a PI3Kg and -d inhibitor, received FDA approval in 2018
for use in adult patients with relapsed or refractory follicular lym-
phoma after at least 2 prior systemic therapies.

Toll-like receptors (TLRs)

TLRs are key regulators of the innate immune system, usually ex-
pressed in distinct cellular locations of macrophages. TLRs can drive
the polarization process toward M1-like phenotypes by interacting
with their corresponding agonists in tumor cells.47 Importantly, the
efficiency of polarization driven by the TLR agonists is comparable
to some common strong induction signals, such as standard lipopoly-
saccharide (LPS) and IFN-g triggers.48 Therefore, strategies to more
precisely reprogram TAMs have relied on the use of TLR agonists,
such as TLR3 agonists, TLR4 agonists, TLR7/8 agonists, or TLR9 ag-
onists. Due to the diversity, the repertoire of TLR agonists is rapidly
expanding. Although the success of preclinical models has demon-
strated the potential for TAM re-education, unfortunately, most of
the early clinical trials have been closed, citing a lack of efficacy con-
cerns as the primary reason, and safety issues also contributing to the
decision. The systemic administration of the agonists in patients pre-
sents significant toxic effects considering its indiscriminate bio-
distribution, which leads to unrestrained immune activation and
systemic inflammation, undermining its potential effect.49 Another
major issue is related to its rapid systemic degradation. In this sense,
the potential clinical strategies targeting TLRs focus on the associa-
tion with an efficient delivery system that can maintain the drug sta-
bility and mitigate the toxicity. Recent studies have highlighted the
development of TLR agonist-loaded nanocomplexes, which led to
effective drug delivery to TAMs with limited off-target effects. Several
studies have used poly-ICLC (polyinosinic-polycytidylic acid mixed
with the stabilizers carboxymethylcellulose and polylysine), a syn-
thetic double-stranded RNA targeting TLR3 to treat various advanced
solid tumors. A Phase II trial in which poly-ICLC was administered
by intramuscular injections in patients with advanced solid tumors,
including melanoma, head and neck squamous cell carcinoma, skin
sarcoma, and breast cancer, has been completed, with positive
outcomes.50 The average progression-free survival (PFS) was 52weeks
and the therapeutic effect in treated patients lasted 24months without
serious adverse events. Poly-ICLC has additionally been investigated
in the immunotherapy of coronavirus disease 2019 (COVID-19)

http://www.moleculartherapy.org


Figure 3. Trends in clinical trials on TAM-targeted therapy based on

targeting mechanisms

www.moleculartherapy.org

Review
infection. Poly-ICLC therefore represents a promising therapy for
both cancer and other conditions. A Phase II/III study of first-line in-
tratumoral CMP-001, a virus-like particle containing a TLR9 agonist,
in combination with programmed death ligand-1 (PD-1) blocker
compared to nivolumab monotherapy, in subjects with unresectable
or metastatic melanoma was initiated in 2021, with orphan drug
designation granted by the FDA previously. Several Phase III trials
targeting TLR9 are also under investigation.

Stimulator of interferon gene (STING) pathway agonist

Cyclic guanosine monophosphate-adenosine monophosphate syn-
thase (cGAS)-STING signaling is critical for sensing cytosolic DNA
and triggering innate immune responses.51 Damaged nuclear ormito-
chondrial DNA from tumor cells activates cGAS and further becomes
a strong initiator of STING pathway activation. The activated cGAS-
STING pathway in macrophages induces the massive production of
downstream type I interferons, leading to an innate and adaptive anti-
tumor response. Recently, the development of STING agonists has
become a hotspot in cancer therapies. At present, most of them are
still in the preclinical or early clinical stages. According to previous
studies, STING agonists promote the M1-like polarization of tu-
mor-infiltrating macrophages and the re-education of M2 cells to-
ward an M1 phenotype.52,53 5,6-Dimethylxanthenone-4-acetic acid
(DMXAA), or vadimezan, a direct ligand for murine STING, renders
significant therapeutic effects in preclinical studies and shows excel-
lent clinical prospects in a randomized Phase II clinical trial.54 How-
ever, it failed to show clinical efficacy in a larger Phase III trial in
patients with advanced non-small cell lung cancer.55 The reasons
for the disappointing outcomes in the Phase III trial have been care-
fully investigated. First, due to stringent species selectivity, DMXAA
could not activate human STING, which may have caused the signif-
icant dropoff in efficacy between the preclinical and clinical stages.
Second, the selection of cancer types for the Phase III trial may
have played a role in the failed trial. DMXAA targets sensitive, highly
vascularized cancers, but not those with normal vasculature. In addi-
tion, following the vascular disruption, DMXAA causes hypoxia, pro-
duces vascular endothelial growth factor (VEGF), and induces angio-
genesis, which imply that the combination therapy of DMXAA and
anti-angiogenic agents may be considerably effective. In addition,
due to its immunostimulatory activity, DMXAAmay have the poten-
tial for combination therapy with immunotherapy agents.56 Based on
the studies outlined above, an artificial ligand of human STING,
ADU-S100, has been clinically tested in combination with the anti-
PD1 agent spartalizumab in patients with advanced/metastatic solid
tumors or lymphoma, as well with pembrolizumab in PD-L1+ recur-
rent or metastatic squamous cell carcinoma of head and neck cancer
patients. Preliminary data from this ongoing study shows that ADU-
S100 is well tolerated and a partial response was observed.57 To date,
other clinical trials of STING agonists, including MK-1454, SB11285,
GSK3745417, BMS-986301, and BISTING, have been approved by
agencies. Their safety and efficacy need to be evaluated. It is expected
that as the design of these agents improves, we will obtain better clin-
ical benefits.

To summarize, of the 606 trials included in this analysis, the trials tar-
geting TLRs accounted for 28.9% (175), followed by those targeting
the CXCL12/CXCR4 axis (115, 19.0%), the PI3K signal pathway
(90, 14.8%), CD40 (65, 10.7%), the CSF-1/CSF-1R axis (58, 9.6%),
CD47 (48, 7.9%), and the STING pathway (27, 4.5%). The distribu-
tion of corresponding targeted products is a little different compared
to the trials (Figure 3; Table 3). The most common products studied
were those targeting TLRs, followed by the CSF-1/CSF-1R axis, CD40,
CD47, the CXCL12/CXCR4 axis, and the PI3K pathway. Up to the
present, only 5 agents targeting TAMs for anticancer therapy have
achieved agency approval.
TRENDS IN THECLINICAL TRIALS OFMONOTHERAPY
Some preclinical models and early-stage clinical trials have revealed
that TAM-targeted monotherapy is advantageous; however, other
studies have suggested only limited efficacy when macrophages are
used as a single agent. In our analysis, we found that 38.9% (236) trials
focused on monotherapy. Almost half have been completed, 26.7%
have terminated, and fewer than 20% are open. Most of the trials
(216, 91.5%) are in Phase I, I/II, or II, and focus on safety as the pri-
mary endpoint. A total of 70.8% of the trials are in second line or later;
46.2% focus on patients with stage III or IV tumors. Encouragingly, 7
trials have reached Phase III. The trials in Phase III mainly target CSF-
1R, the PI3K pathway, or TLRs. Two trials of these Phase III trials
target the PI3K pathway in lymphoma using 2 approved drugs
mentioned above, copanlisib and duvelisib. Two trials targeting
TLRs have been terminated. SD-101, an intratumoral TLR9 agonist,
was evaluated to be efficacious for metastatic melanoma in combina-
tion with anti-PD-1 therapy (pembrolizumab) in a Phase Ib/II trial in
advanced melanoma.58 The study reported that an ORR of 70% (21 of
31) and a 6-month PFS rate of 76% in patients naive to anti-PD-1
treatment for patients who received SD-101. Finally, there are 3 trials
targeting CSF1-R inhibitor, including TAS-115 for osteosarcoma,
chiauranib for progressed or relapsed small-cell lung cancer, and sur-
ufatinib for advanced pancreatic neuroendocrine tumor, which has
achieved agency approval.
Molecular Therapy: Oncolytics Vol. 24 March 2022 807
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While targeting TAMs is an attractive strategy, most immunother-
apies are not powerful enough when administrated as solo therapies.
Therefore, there is a need to develop combination therapies that syn-
ergize and prolong antitumor immunity through the activation of im-
mune cells via multiple different mechanisms.

TRENDS IN THE CLINICAL TRIALS OF COMBINATION
THERAPY
Recent studies have suggested that TAMs play an important role in
modulating responses to conventional therapies and immunother-
apies. We reviewed all of the combination trials using these agents.
In total, 370 trials (representing 61.1% of all TAM-related trials)
have been carried out to evaluate the macrophage-targeted thera-
peutic approach combined with other therapies. Similar to mono-
therapy, almost all of the trials (353, 95.7%) are in Phase I, I/II,
or II, with 38.9% completed, 30.3% open, and 22.4% terminated.
A total of 26.8% are in first line, which is higher than those in
monotherapy.

The combined therapies under study include chemotherapy, targeting
therapy, radiation therapy, and ICBs. According to the different com-
bined therapy approaches, we categorized the trials into several clas-
ses (Figure 4). Most of the trials combine 2 therapeutic approaches
(87.6%) and 12.4% (46) combine 3 approaches. The most common
combination type is the combination of traditional chemotherapy
with TAM-targeted therapy (174, 28.7%), followed by the combina-
tion of ICBs (99, 16.3%), including PD-1, PD-L1, cytotoxic T lympho-
cyte antigen-4 (CTLA-4), or even both PD-1 and CTLA-4 added to
TAM-targeted therapy, the combination of targeted drugs (44,
7.3%), the combination of vaccinations (35, 5.8%), and the combina-
tion of radiotherapies (33, 5.4%).

TAM-targeted therapy combined with chemotherapy

The most common combination approach is chemotherapy. Chemo-
therapeutics mostly reprogram TAMs toward an M1-like phenotype;
however, they can also promote an M2-like phenotype, depending on
808 Molecular Therapy: Oncolytics Vol. 24 March 2022
the tumor type and therapy schedule. Moreover,
chemotherapeutics induce the recall of TAMs to
a tumor site as a consequence of the damaging
effects after chemotherapy.59 The combination
of TAM-targeted therapy with chemotherapy
can eliminate the impairment.

Of the chemotherapy-TAM combination trials
we analyzed, 126 (95.5%) are in Phase I, I/II,
or II and 6 are in Phase III. Of the Phase III tri-
als, 2 targeted TLRs and had negative outcomes,
1 targeted CXCR4 and showed a positive
outcome, and 1 targeting CD47 is still active.
Tilsotolimod (IMO-2125), a synthetic TLR9 agonist, has attracted
much attention in the treatment of melanoma. A Phase I/II study
confirmed the safety and efficacy of intratumoral IMO-2125 in com-
bination with ipilimumab or pembrolizumab in patients with anti-
PD-1 refractory metastatic melanoma, with a median overall survival
(OS) of 21.0 months, ORR 22.4%, and stable disease (SD) 49%.60 The
drug received both fast track designation and orphan drug designa-
tion by the FDA in 2017. More potential approaches should be
explored for combination therapy in the future.

TAM-targeted therapy combined with radiotherapy

Although approximately half of all cancer patients undergo radio-
therapy for local tumor control, various neoplasms do not respond
to the therapy.61 Radiotherapy can paradoxically promote tumor
growth and invasion through the recruitment and repolarization of
TAMs at the tumor site, limiting the efficacy of radiotherapy.62 This
can be highlighted by the use of liposomal clodronate to deplete mac-
rophages before ionizing radiation. The effect on TAMs depends on
the dosage used, whether low doses (below 1 Gy) or high doses (above
10 Gy). These can favor the M2-like phenotype, prompting angiogen-
esis and tumor growth.63 Therefore, it is of interest to investigate po-
tential combination-therapy approaches of TAM-targeted agents and
radiotherapy to abolish radiotherapy-induced immunosuppressive ef-
fects. All of the trials of combined radiotherapy included in our analysis
were Phases I, I/II, or II. A total of 12 trials have been completed, 6 are
active, and 8 have been terminated. The strategies of combination ther-
apy included CXC4 inhibitor, CSF-1R inhibitor, anti-CD47 antibody,
anti-CD40 antibody, and TLR agonists.

Several signaling pathways, including CSF-1/CSF-1R and CXCL12/
CXCR4, are involved in the radiation-induced recruitment of
TAMs, leading to the depletion of CD4+ cell infiltration and delay
of tumor regrowth after radiotherapy through the depletion of
TAMs.64,65 The inhibition of CXCL12/CXCR4 interaction with
AMD3100 efficiently abrogated tumor vasculogenesis and tumor re-
growth in preclinical studies and clinical trials.66 An ex vivo study
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showed that low-dose radiation of monocytes increased TLR expres-
sion.67 A Phase II trial assessed the feasibility of using the intratu-
moral injection PF-3512676, a TLR9 agonist, in combination with
local radiation as a therapy for low-grade B -cell lymphomas. In
this study, 7 of 30 patients were evaluated as partial response (PR)
and 19 of 30 as SD through 1 cycle treatment at the 12 months after
initiation, and 2 patients were evaluated as CR, 4 as PR, and 14 as SD.
Encouragingly, no patient was evaluated as progressive disease,. The
median PFSs were 41 and 35 weeks, respectively, among treatment-
naive and relapsed/refractory patients. Importantly, in response to
in situ vaccination, all of the patients made tumor-specific immune
responses within 2–4 weeks post-vaccination.68

TAM-targeted therapy combined with targeted drugs

Of all 44 trials of combined therapy with targeted drugs, including
antibodies and inhibitors, more than half (25, 56.8%) combined
with anti-CD20 antibody. Of these, 1 Phase III trial has been
completed with an anti-CD47 antibody, Hu5F9-G4, combining
with rituximab involving patients with relapsed or refractory non-
Hodgkin’s lymphoma on the basis of the promising outcome in
its Phase Ib trial. A total of 50% of the patients treated with the
combination therapy had objective response (OR), with 36% having
a CR among enrolled 22 patients. The rates of OR and CR were 40%
and 33% among patients with DLBCL and 71% and 43% among
those with follicular lymphoma. At a median follow-up of
6.2 months among patients with DLBCL and 8.1 months among
those with follicular lymphoma, 91% of the responses were
ongoing.69 A positive result is speculated for the Phase III trial.

Platinum-based chemotherapy, fluorouracil, and cetuximab combi-
nation treatment is the standard of care for first-line recurrent and/
or metastatic squamous cell carcinoma of the head and neck, with un-
satisfactory PFS and OS. The effect of adding motolimod, a TLR8
agonist, to the standard combination therapy was evaluated in a Phase
II trial with 195 patients. Although adding motolimod did not
improve PFS or OS in the intent-to-treat population, significant
benefit was observed in human papillomavirus (HPV)+ patients in
the prespecified subgroup analysis with longer PFS (7.8 versus
5.9 months) and OS (15.2 versus 12.6 months). Meanwhile, in an
exploratory analysis, patients with injection site reactions had longer
PFS (7.1 versus 5.9 months) and OS (18.7 versus 12.6 months).70 This
suggests that TAM-targeted therapy may benefit subset- and
biomarker-selected patients.

TAM-targeted therapy combined with immune checkpoint

inhibitors

In recent years, ICB therapeutic strategies have provided new treat-
ment options for cancer patients and demonstrated significant benefit
in some patients across a wide range of cancers. However, the vast
majority of patients still fail to benefit from ICB therapy, indicating
that the monotherapy is not potent enough. Recent evidence supports
a role played by TAMs in limiting the response to ICB therapy by
robustly increasing the expression of inhibitory checkpoint mole-
cules, including PD-1, PD-L1, and CTLA-4. However, TAMs can
also release soluble factors that orchestrate tissue remodeling events
to restrict the tumor access of CD8+ T cells.71 The addition of
TAM-targeted therapy to ICB has proven to be a promising approach
to overcome the limited response rates for ICB monotherapy.

We reviewed 99 trials of ICB + TAM-targeted combination therapy.
The most common combined approach is the combination of TAM-
targeted agents with PD-1 (67, 67.7%). There were 9 (9.1%) trials with
PD-L1, 5 (5.1%) with CTLA-4, and 4 (4.0%) combined with both PD-
1 and CTLA-4. Two trials targeting the ICB + TAM-targeted combi-
nation therapy added to chemotherapy, 2 added to radiotherapy, and
2 added to targeting drugs. Almost all of the trials are early phase; the
most advanced is the Phase II/III trial investigating the combination
of CMP-001 with nivolumab described above. Several Phase II trials
have been completed, and one of those yielded a positive outcome.
That study, a Phase IIb pilot study, assessed the effect of BL-8040, a
CXCR4 inhibitor, combined with pembrolizumab in patients with
metastatic pancreatic cancer. The disease control rate (DCR) was
34.5% in the evaluable population, including 9 patients (31%) with
SD and 1 (3.4%) with PR. The median OS was 3.3 months in the
intent-to-treat population. Notably, in patients receiving combina-
tion therapy as second-line therapy, the median OS was 7.5 months.
Meanwhile, in the expansion cohort of this study, 22 patients received
the combination therapy added to chemotherapy, with an ORR, DCR,
and median duration of response of 32%, 77%, and 7.8 months,
respectively. This suggests that combined CXCR4 and PD-1 blockade
may expand the benefit of chemotherapy and warrants confirmation
in subsequent randomized trials.72 Several other Phase II studies are
openly targeting mainly CD47 and TLRs.

TAM-targeted therapy combined with vaccination

In recent years, anticancer vaccines have become a new way to stim-
ulate immune activation by administrating specific tumor-associated
antigens conjugated with co-stimulatory molecules or loaded on the
immune cells of patients, inducing the regression in premalignant le-
sions in tumor patients.73 Recently, data from animal models have
suggested that TAMs critically contribute to vaccine-induced tumor
regressions.74 We identified 35 trials focused on the combination of
vaccination with TAM-targeted therapies, whether as an adjuvant
or combined into the vaccine to enhance the therapeutic benefit of
the vaccine and reduce the adverse effects. Most of these trials are
in Phase I or I/II; only 5 have reached Phase II, all of which are eval-
uating a TLR3 agonist, poly-ICLC.

A Phase II clinical trial was conducted to evaluate the poly-ICLC
matured DCs as an adjuvant for NY-ESO-1 and Melan0A/MART-1
peptides (dendritic cell vaccine) with or without montanide, both
with systemic administration of poly-ICLC in patients with mela-
noma in complete clinical remission but at high risk for disease recur-
rence. This vaccine trial reached the primary endpoint of safety and
tolerability. NY-ESO-1 protein in combination with poly-ICLC
induced integrated antibodies and CD4+ T cell response in most pa-
tients with no treatment-related grade 3/4 adverse events.75 Further
trials should consider testing NY-ESO-1 antigens with poly-ICLC
Molecular Therapy: Oncolytics Vol. 24 March 2022 809
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in combination with ICB therapy in the high-risk resected melanoma
patient, as this is now the standard of care in this setting.76 Wang and
Steinmetz identified the combination immunotherapy using cowpea
mosaic virus in situ vaccination and CD47-blocking antibodies in
the 4T1 breast tumor model.77 Cowpea mosaic virus in situ vaccina-
tion can activate the innate immune system to cause the recruitment
and activation of macrophages. The blockade of CD47 can inhibit
antiphagocytic signals to induce macrophage phagocytosis of cancer
cells. Therefore, the combination therapy boosts the ability of cancer
cell phagocytosis for macrophages, in turn priming the adaptive im-
mune system leading to a potential antitumor immune response.
However, to our knowledge, no clinical trial has been initiated to
further confirm the results of these preclinical studies. Several Phase
I/II trials have evaluated the effect of combination therapy, including
CD40 and other TLR agonists.

In this regard, the combination of TAM-targeted agents with vaccina-
tion in situ may be a superior approach. More effort should be made
to maximize the benefits through the personalized vaccine-based
combination therapies.

CONCLUSIONS AND FUTURE PERSPECTIVES
TAM-targeted therapeutic approaches are a newly emerging but
rapidly developing area of anticancer therapy. In spite of great clinical
interest, the optimal therapeutic approach has been yet to be identi-
fied. First, TAMs exhibit extensive phenotypic diversity such that
the categorization of these cells along the M1/M2 spectrum is contro-
versial. Due to the integral role of TAMs in the innate immune sys-
tem, targeting one specific function is significantly difficult. Some
pan-macrophage-targeted therapy may cause systemic toxicities. Sec-
ond, different tumor types have different degrees of macrophage infil-
tration and polarization. The available clinical parameters that could
indicate the specific populations who will derive maximal benefit
from TAM-targeted therapy is still lacking. With respect to the
complexity of TAMs, a greater understanding of interactions between
macrophages and tumor cells is needed. More clinical data regarding
the correlation between TAMs and patient outcomes are also needed
to guide patient selection.

Due to the limited efficacy of monotherapies, a combinatorial thera-
peutic approach has the potential to compensate for the shortcomings
of each therapy, not only for TAM-targeted agents but also for con-
ventional therapies and other immunotherapeutics. Current preclin-
ical and clinical trials have suggested that TAM-targeted therapy
could significantly improve the efficacy of these previous approaches.
However, future studies should focus on precise combination therapy,
including the selection of combined therapeutic agents or modes to
maximize immunostimulatory activities and minimize potential
toxicities.

Treatment delivery methods for inducing tumor-localized therapy
response may be an effective means to eliminate the additional
adverse effects caused by the combination. Nanoparticles (NPs)
are promising carriers for the delivery of a variety of anticancer
810 Molecular Therapy: Oncolytics Vol. 24 March 2022
agents, which are expected to enhance anticancer treatment.78

Recently, TAMs have attracted much attention as a promising
nanotherapeutic agent due to their powerful ability to detect and
absorb NPs through interfering with the intended delivery of drugs
in the NPs. However, the cellular backpack, a polymeric particle,
may be an alternative approach for NPs attaching to the surface
of TAMs but not undergoing phagocytosis due to its size, disk-
like shape, and flexibility. The backpacks on TAMs can accumulate
in the target organ, maintaining a relative long-term cell effect
without harming the carrier cells.79 In addition, NPs have been
used to reprogram TAMs through direct interaction with macro-
phages in recent studies.80 Research into the use of NPs as a new
TAM-associated strategy need to be explored further in preclinical
and clinical trials.

Given the success of chimeric antigen receptor (CAR)-T cell therapy,
some studies have tried to develop CAR macrophages (CAR-M) for
tumor immunotherapy. CAR-M therapy aims tomodify macrophages
with specific CARs to improve the abilities of phagocytosis and anti-
gen presentation (Figure 5). The transduction of chimeric receptors
will acquire an M1 phenotype and convert bystander M2 cells into
M1.81,82 Compared with CAR-T, CAR-M has its unique advantages
and leads to less non-tumor toxicity due to its limited time in circula-
tion. Thus far, 2 clinical trials based on CAR-M approaches have been
approved by the FDA. One is for the treatment of relapsed or refrac-
tory human epidermal growth factor receptor 2 (HER2) overexpressed
tumor patients with anti-HER2CAR-M. The other is for the treatment
of relapsed or refractory ovarian cancer and peritoneal mesothelioma
with mRNA-targeted CAR-M. CAR-M therapy has shown obvious
advantages in solid tumors compared to activated macrophage reinfu-
sion therapy.81 However, the manufacturing of CAR-M has become a
bottleneck in the application of this technology due to the limits of
macrophage expansion and the transduction efficiency by viral vec-
tors. Pluripotent stem cell-derivedmacrophages could be one solution.
Zhang et al. developed induced pluripotent stem cell-derived CAR-ex-
pressing macrophage cells (CAR-iMac) with some advantages,
including antigen-dependent macrophage functions, polarization
toward an M1 state, enhanced phagocytosis of tumor cells, and
continuous expansion and anticancer cell activity in vivo.81 However,
it is still far from clinical application. In the future,more targeted genes
regulating macrophage activation and polarization in CAR-M
could be modified to improve the TME for cancer immunotherapy.
In addition, combination therapy with CAR-M and other TAM-
targeted therapeutic agents may provide a new therapeutic option to
improve the treatment of solid tumors. Although the safety and
efficacy of CAR-M have been confirmed by preclinical studies, further
clinical trials are urgently needed to investigate the efficacy and safety
of CAR-M.

In spite of some outstanding difficulties, targeting TAMs remains a
promising therapeutic approach combined with other therapies to
improve outcomes for cancer patients. Continued exploration of
promising combination strategies will pave the way for more effective
anticancer therapies.
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