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ABSTRACT
Recent understanding of the role and contribution of 
immune cells in disease onset and progression has 
pioneered the field of immunotherapies. Use of genetic 
engineering to deliver, correct or enhance immune cells 
has been clinically successful, especially in the field of 
cancer immunotherapy. Indeed, one of the most attractive 
approaches is the introduction of chimeric antigen 
receptors (CARs) to immune cells, such as T cells. Recent 
studies revealed that adapting this platform for use in 
macrophages may widen the spectrum of CAR applications 
for better control of solid tumors and, thus, extend this 
treatment strategy to more patients with cancer. Given the 
novel insights into tumor-associated macrophages and 
new targeting strategies to boost anticancer therapy, this 
review aims to provide an overview of the current status 
of the role of macrophages in cancer therapy. The various 
genetic engineering approaches that can be used to 
optimize macrophages for use in oncology are discussed, 
with special attention dedicated to the implication of the 
CAR platform on macrophages for anticancer therapy. The 
current clinical status, challenges and future perspective of 
macrophage-based drugs are highlighted.

INTRODUCTION
Cancer is a very complex and heteroge-
neous disease, in which a variety of factors 
contribute to the genetic instability of cancer 
cells.1 Great progress has been achieved 
in the field of cancer therapy as a result of 
the continuous search for anticancer agents 
with the best efficacy and lowest toxicity. For 
example, the field of immunotherapy has 
generated several promising treatment strat-
egies for patients with cancer.2 3 It is well-
established that different immune cells play 
pivotal roles in regulating the tumor micro-
environment (TME) by presenting protumor 
or antitumor functions, such as myeloid-
derived suppressor cells, regulatory T cells 
and macrophages.4 Many current strategies, 
including use of immune checkpoint inhib-
itors and cancer vaccines, aim to amplify 
the natural ability of adaptive immune cells, 
like the cytotoxic T lymphocytes (CTL), to 
recognize cancer neoantigens.5 However, this 
approach is also challenged by the fact that 

not all tumors display an antigenic compo-
nent that alerts the immune system. For such 
tumors, the adoptive transfer of T cells or the 
transfer of genetically engineered T cells with 
chimeric antigen receptors (CARs) designed 
to directly recognize tumor-associated anti-
gens has been suggested.6 Clinical experi-
ence to date has clearly shown that the CAR 
T cell therapy success is more dominant in 
hematological tumors as compared with solid 
tumors, which may be due to reduced CAR T 
cell efficacy to penetrate into solid tumors or 
to traffic through the inhibitory TME niche.7 
However, more clinical data are needed in 
order to thoroughly assess CAR T cell activity 
against solid tumors. Of note, it was reported 
that gamma-delta (γδ) T and natural killer 
(NK) cells are among the promising sources 
for developing allogeneic cell therapies due 
to their unique biological features. The impli-
cation of using CARs to increase the cancer 
recognition capacity of these immune cells 
was particularly interesting, as γδ T and NK 
cells are naturally capable of recognizing a 
broad spectrum of tumor-associated anti-
gens.8 9 In addition, they can target cancer 
cells in an major histocompatibility complex 
(MHC)-independent fashion, which reduces 
the risk of alloreactivity.10 Lastly, due to their 
interactions with antigen presenting cells, 
CAR γδ T and NK cells may efficiently bridge 
the innate and adaptive immune systems 
to result in optimized immune responses 
against cancer.10 Nevertheless, the in vivo 
or ex vivo expansion of these immune cell 
subsets has hindered more widespread trans-
lational application of CAR NK and CAR γδ T 
cells.11 These potential limitations of CAR T/
NK cells highlight the crucial need to develop 
alternative strategies for use in cancer 
therapy, such as exploration of other immune 
cell sources like macrophages. Indeed, it 
would be highly attractive to exploit the vital 
immune regulatory properties macrophages 
present, which range from their activities as 
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professional antigen presenting cells that orchestrate 
adaptive immune responses, to their abilities to phago-
cytose and secrete pro-inflammatory cytokines.12 Also, 
macrophages are abundantly present in the TME of solid 
tumors via the recruitment of peripheral blood mono-
cytes to solid tumors and subsequent differentiation into 
tumor-associated macrophages (TAMs).13 14

While many reports showed that TAMs exhibit both 
M1 and M2 phenotypes, TAMs are often described as 
M2 macrophages based on the clinical observation that 
higher M2 macrophage accumulation in the TME is asso-
ciated with poor prognosis.15

TAMs are considered as key players in the regulation 
of the TME, where they were mainly shown to promote 
tumor growth, angiogenesis and metastasis.13 16 17 Hence, 
numerous approaches aimed to eradicate tumors by 
targeting TAMs, including depletion, reprograming and 
repolarization of TAMs or by inhibition of TAM secre-
tion of immune suppressive molecules.18 Nonetheless, 
the precise role of TAMs in the tumor environment is 
currently controversially discussed, as TAMs were also 
reported to be effector cells that recruit CTLs to exert 
antitumor function.19 Alternatively, other approaches 
have also emerged to use macrophages in cancer 
therapy. Instead of directly targeting TAMs, exploita-
tion of unique macrophage properties such as phagocy-
tosis has emerged as a potential therapeutic strategy to 
engulf cancer cells. There are numerous macrophage-
cancer cell interactions that lead to phagocytosis. One 
prominent strategy that is used in clinical settings is 

antibody-dependent cellular phagocytosis (ADCP).20 
Here, therapeutic antibodies are used to target specific 
tumor-associated antigens via the Fab region. The inter-
nalization of cancer cells is then induced through the 
binding of Fc receptors (such as CD16a or CD32a) on 
macrophages via the constant Fc antibody region. The 
use of synthetically-designed monoclonal antibodies has 
the advantage of combining the target antigen of interest 
and the desired macrophage receptor to activate the cells 
in a specific manner (figures 1A and 2). In addition to 
Fc receptors, macrophages have additional surface mole-
cules that can trigger phagocytosis (among others, LRP1 
or Mac1).21 However, the intracellular signaling pathway 
that leads to phagocytosis is similar. The surface recep-
tors are coupled to cytoplasmic domains that contain 
immunoreceptor tyrosine-based activation motifs, which 
are phosphorylated on receptor binding. The activation 
of various downstream kinase signaling pathways, such 
as the MAPK and PI3K/AKT signaling pathways, then 
leads to actin remodeling and subsequent phagocytosis 
of the cancer cell (figure 1).21 Another possibility is the 
use of bispecific antibodies that have dual specificity.20 
Here, there are different design strategies. For example, 
the antibody can either target different tumor antigens 
or an additional macrophage receptor. Furthermore, 
phagocytosis can be increased through the binding of 
phagocytosis checkpoint inhibitors, such as CD47, to 
block macrophage-inactivating signals. However, the 
use of antibodies faces several challenges, one of which 
is the affinity to the inhibitory FC receptor (FcγRIIb) on 

Figure 1  Mediation and enhancement of tumor cell phagocytosis. In clinical applications, phagocytosis can be induced in 
macrophages (A) by using first generation CARs or monoclonal antibodies. (B) To further enhance phagocytosis and increase 
macrophage activation, second/third generation CARs or bispecific antibodies that show dual specificity for tumor antigens 
or receptors on macrophages can be used. CAR, chimeric antigen receptor; ITAM, immunoreceptor tyrosine-based activation 
motif.
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the surface of macrophages, which negatively regulates 
effector functions.22 In addition, monoclonal antibody 
therapy does not distinguish between antitumoral and/
or protumoral TAMs.22 Therefore, an alternative strategy 
to monoclonal antibodies is the adoptive cell therapy 
with ex vivo genetically-engineered CAR macrophages 
(CAR-Ms). In order to further strengthen CAR-M func-
tionality (phagocytic activation signal), second or third 
generation CARs are used to activate additional signaling 
domains,and thus potentiate additional downstream 
signaling (figure 1B).23 Among the various strategies to 
enhance phagocytosis, the modification of macrophages 
with CAR technology is receiving increasing attention 
due to the reported success in targeted cancer phago-
cytosis (figure 3).24 In this review, we aim to provide an 
updated overview on the various genetic engineering 
strategies performed on macrophages to optimize their 
use in oncology. Moreover, special attention is dedicated 
to the implication of the CAR platform on macrophages, 
highlighting the current status, challenges and future 
perspectives.

TARGETING TAMS TO COUNTERACT THEIR PROTUMOR 
FUNCTION IN SOLID MALIGNANCIES
Numerous studies were conducted with the goal to iden-
tify various approaches to inhibit the tumor supporting 
roles of TAMs. One strategy aimed to deplete TAMs and 

inhibit their recruitment to the TME. In fact, a panel 
of antibodies and small molecule inhibitors that block 
different macrophage-recruiting chemokines/cyto-
kines such as CCL2, CXCL12, CCL5 and CSF-125–28 are 
currently under clinical investigation (table 1). Many of 
these inhibitors showed promising success in phase II 
clinical trials.29 Targeting the CCL2/CCR2 axis is another 
useful tactic, as CCL2 is secreted in many tumor subtypes 
and acts as an essential chemoattractant for monocytes. 
Hence, the interaction of CCL2 with the CCR2 receptor 
facilitates macrophage recruitment to the TME, which 
promotes tumor metastasis and invasion. Sanford et al 
reported that antagonization of the CCL2/CCR2 axis 
in pancreatic cancer by CCR2 blockade impaired the 
recruitment of CCR2 positive monocytes from the bone 
marrow to the blood, led to TAM depletion, reduced 
tumor growth, and prevented metastasis in a pancreatic 
cancer mouse model.25 CSF1/CSF1R is another important 
signaling pathway that has been successfully targeted with 
small molecule inhibitors and its inhibition showed effi-
cient TAM depletion. Blockade of the CSF1/CSF1R axis 
interferes with macrophage activation and survival as 
the CSF1/CSF1R pathway is important for generation of 
monocyte progenitors in the bone marrow. Furthermore, 
CSF1R was reported to regulate the protumor functions 
of TAMs. Many studies showed CSF1R inhibitors to be 
particularly useful when combined with chemotherapy 

Figure 2  Diagram of alternative approaches for macrophage immunotherapy. The past decade has shown remarkable 
progress in immunotherapy using macrophages with various strategies focusing on the activation of endogenous immune 
cells and the alteration of the immunosuppressive TME. ADCP, antibody-dependent cellular phagocytosis; IFN, interferon; IL, 
interleukin; TCR, T cell receptor; TME, tumor microenvironment; eGFR, epidermal growth factor receptor; CTLA, cytotoxic T 
lymphocyte antigen.
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in mammary and pancreatic murine models.30 Hence, 
several candidates are currently evaluated in Phase I/II 
clinical trials (table 1).

Additionally, nanoparticle technology was employed 
in multiple studies to deplete TAMs. For example, Tian 
et al used calcium bisphosphonate particles to efficiently 
deplete TAMs upon the intravenous injection of their 
nanoparticles in murine tumor models. The subsequent 
effects were reported to be reduced tumor angiogenesis 
and hypoxia.31 Many of these nanoparticles were also 
applied in reprograming TAMs to redirect their polariza-
tion toward the M1 subtype. Delivery of toll-like receptor 
(TLR) (7/8) agonist R848, a known potent driver of M1 
polarization, by encapsulation in β-cyclodextrin nanopar-
ticles resulted in improved M1 transcription in both 
murine and human M2 macrophages, illustrating suffi-
cient re-education by the TLR agonist.32 In addition to 
TLR agonists, the delivery of many other agents and cyto-
kines, like interleukin (IL)-12, and CpG oligonucleotides 
can induce the transition of the protumor M2 to the anti-
tumor M1 state. Alternatively, reprograming TAMs can 
be achieved with a CD40 agonist. One study illustrated 

that combining a CD40 agonist with gemcitabine reduced 
tumor growth by promoting antitumor macrophages in 
patients with pancreatic cancer.33 Similarly, transforming 
growth factor β (TGF-β) is another important molecule 
that tumor cells use to induce TAM polarization towards 
the M2 phenotype. TGF-β can promote M2 polariza-
tion by different mechanisms, such as induction of IL-1 
receptor associated kinase-M expression or by upregu-
lation of Snail expression. In fact, combining a TGF-β 
blocker with TLR7 activation repolarized TAMs into M1 
macrophages and increased tumor apoptosis.34

One of the first reports to describe the simultaneous 
targeting of TAMs and tumor cells was performed by 
Ruella and colleagues. In their study, they utilized anti-
CD123 CAR T cells, which provided dual targeting of the 
CD123+ Hodgkin’s lymphoma tumor cells in addition to 
the CD123+ M2 macrophages within the TAM population. 
Using this system, anti-CD123 CAR T cells demonstrated 
efficient eradication of the Hodgkin’s lymphoma in a 
tumor xenograft mouse model.35

Recently, another interesting approach to selectively 
deplete M2 TAMs used CAR T cells to target the folate 

Figure 3  Recruiting macrophages with CAR constructs gives rise to efficient cancer hunters. Macrophages derived 
from different sources can be genetically altered to endow enhanced function, for example, with CAR constructs to 
generate educated macrophages that can target a specific antigen via the CAR antigen recognition domain (A). CAR 
macrophages display superior homing capacities to solid tumor sites and may better maintain antitumor activity in the tumor 
microenvironment as compared with CAR T cells, which can lead to enhanced tumor reduction (B). CAR, chimeric antigen 
receptor.
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receptor β (FRβ), which is exclusively expressed by 
immune suppressive macrophages. Rodriguez-Garcia et 
al, demonstrated that using such CAR T cells in a synge-
neic tumor mouse model successfully eliminated the M2 
FRβ+ TAMs, enriched the M1 population and induced an 
influx of tumor-specific CD8+ T cells that halted tumor 
progression.36

In addition to the described TAM depletion approaches 
by counteracting TAM recruitment or reprograming 
TAMs, many recent studies also describe that interference 
with signaling pathways in TAMs can hamper their cancer 
supporting functions.37 Interestingly, transcriptome anal-
ysis of TAMs from human lung tumor samples demon-
strated a significant upregulation of the Wnt/β-catenin 
signaling pathway, implying its important role in TAM 
regulation.37 Therefore, Sarode et al tried to deplete β-cat-
enin both pharmacologically and by genetic manipulation 
of the macrophages, which resulted in reprogramming 
the M2 macrophages to an M1 phenotype.37 STING is 
another pathway that was investigated in gastric cancer, as 
it was noted that STING promotes cancer progression by 
regulating polarization of TAMs. Knock-down of STING 
also resulted in repolarization of TAMs towards the pro-
inflammatory subtype, similar to the result after deple-
tion of β-catenin.38 Recently, the Hippo/Yap pathway 
was also reported as one of the pivotal signaling cascades 
responsible for recruiting TAMs and directly orches-
trating their repolarization. However, the detailed mech-
anism remains to be elucidated, which creates the need 
for further investigation to pursue whether targeting the 
Hippo/Yap pathway will result in reprograming and inhi-
bition of TAMs.39

CURRENT PITFALLS OF TARGETING TAMS IN CANCER THERAPY 
AND THE NEED FOR ALTERNATIVE APPROACHES
Despite the various studies and the enormous attention 
dedicated towards targeting TAMs as a promising plat-
form to combat cancer, several challenges remain to be 
overcome and many questions require investigation to be 
able to optimize TAMs targeting. One of the challenges 
stems from the perception and general consideration that 
the vast majority of macrophages that constitute tumors 
are the alternative M2 macrophages.40 41 While this might 
be the case in gastric, colorectal and skin cancer, where 
TAMs are described to hold protumor roles, the oppo-
site is true in breast, kidney and prostate cancers in which 
TAMs were reported to have antitumor roles.42 Similarly, 
TAMs were recently reported to halt tumor growth in 
medulloblastoma,43 but to support tumor growth in glio-
blastoma.44 45 The controversial classification of TAMs to 
date still presents a barrier that hinders the application of 
therapeutics to target TAMs. The heterogeneous activity 
of TAMs can be influenced by many factors that vary in 
every cancer case, such as the tumor location, type, and 
stage.46 For instance, M1 macrophages are expected to 
be the dominant subtype in early cancer stages, whereas 
the transition to M2 occurs in advanced stages.47 There-
fore, determining the ideal time to implement TAM 
targeting protocols is indeed another critical aspect to 
be considered. In addition, the determination of the 
origin of TAMs and their precise characterization remain 
challenging, with several questions yet to be answered. 
Although many of the TAM targeting agents have 
reached clinical trials, many of these agents were either 
discontinued due to insufficient antitumor activity (eg, 
the anti-CCL2 antibody carlumab), or they were found to 

Table 1  Panel of antibodies and small molecule inhibitors that block different macrophage-recruiting chemokines/cytokines

Recruiting 
chemokine Inhibitor Cancer type Phase Trial design/outcome NCT number

CCL2 Carlumab Prostate cancer
Solid tumors

II Carlumab is well-tolerated with no anticancer 
activity as a single agent

NCT00992186

CXCL12 Plerixafor Metastatic 
pancreatic cancer

II Trial is recruiting for a regimen of plerixafor 
and cemiplimab. Previous preclinical study 
highlighted the potential of plerixafor in 
reverting resistance to immune therapy

NCT04177810

CSF‐1 Emactuzumab Solid cancers I Emactuzumab is tested in combination with 
atezolizumab, as previous study showed that 
emactuzumab is well-tolerated and highly 
active

NCT02323191

CSF-1R JNJ-40346527 Solid tumors I/II ORR: 1/21 (5%)
CBR: 11/21 (52%)

NCT01572519

CCR2 CCX872-B Pancreatic cancer IB The combination of CCX872 with FOLFIRINOX 
chemotherapy resulted in higher OS of 29%

NCT02345408

PF04136309 Pancreatic cancer IB Combination of PF04136309 and FOLFIRINOX 
resulted in objective tumor response and local 
tumor control in 97% of patients

NCT01413022

CBR, clinical benefit rate; ORR, objective response rate; OS, overall survival.
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have unacceptable toxicity profiles.48 49 In conclusion, it is 
clear that the principle of targeting cancer by interfering 
with TAMs has shown some promise, but it must be noted 
that this success is hindered and limited due to the vital 
need for deeper phenotypic characterization of these 
macrophages in each individual case and cancer type.

BRIDGING CARS FROM CAR T CELL THERAPY TO 
MACROPHAGES
In recent years, T cell-recruiting immunotherapies 
achieved major clinical success for patients with cancer. 
Different approaches were implemented to facilitate T 
cell-mediated killing of malignant cancer cells, such as 
the bispecific T cell recruiting antibody complex. This 
is essentially a dual antibody construct composed of a 
CD3 antibody that binds to T cells via interaction with 
the T cell receptor (TCR), along with a CD19 antibody 
that directs the bound T cells to (malignant) B cells.50 
This construct was termed as bispecific T cell engager 
(BiTE). Despite the promising clinical potential of BiTEs, 
anticancer activity was disappointing in patients with high 
tumor load.51 Nonetheless, other T cell directed strate-
gies might overcome this challenge. One such strategy is 
an autologous patient-specific therapy in which the host 
T cells are collected via leukapheresis and genetically-
engineered ex-vivo with CARs prior to reinfusion into the 
patient.52 CARs contain an extracellular antigen binding 
domain composed of an antigen recognition domain 
(eg, a single chain variable fragment (scFv) derived from 
a monoclonal antibody) that serves to direct the T cell 
specificity toward binding with a tumor antigen.53 The 
scFv is linked to a hinge region that provides flexibility 
to the CAR, a transmembrane domain that transmits 
the signal on specific binding to the target antigen to 
the intracellular domain, which is composed of costim-
ulatory and signaling domains (eg, CD3ζ) responsible 
for CAR T cell activation.53 One of the most common 
antigens that CAR T cells were programmed to target is 
the CD19 molecule, because of its high frequency in B 
cell leukemia and lymphoma, along with the specificity 
toward the B cell lineage, with no similar expression on 
other tissues or broader expression pattern relative to 
other potential markers, like CD22.54–56 Despite the enor-
mous success of CAR T cells in cancer immunotherapy, 
the clinical application of CAR T cells in solid tumors is 
less developed, with concerns about the antitumor effi-
cacy and safety (figure 3B). Many studies highlighted that 
one of the noted obstacles following adoptive transfer of 
CAR T cells was the inability of these cells to home to the 
tumor bed, perhaps due to low expression of chemokine 
receptors to interact with the chemokines secreted by the 
tumor.57 58 Additionally, it was reported that the infusion 
of first, second or third generation CAR T cells does not 
always result in sufficient expansion of those cells, which 
leads to a lack of response.59 60 Another main concern is 
the selection of T cells as the therapeutic tool against solid 
tumors. For example, are these the best immune cells to 

be employed against solid tumors? Moreover, the widely 
known phenomenon of ‘T cell exhaustion’ is a topic that 
has occupied many resources of the scientific community 
and is a challenge that remains to be fully defined and 
resolved.61–63 The deficits in T cells were not only linked 
with CAR T cell activation, but it was also observed that 
many of the solid tumor patients suffered from intrinsic 
T cell deficiencies that were attributed to chemotherapy 
treatment. Das et al reported that the previously accepted 
T cell threshold for CAR T cells therapy was significantly 
decreased after chemotherapy administrations.62 Addi-
tionally, the depletion of T cells in patients with glioblas-
toma was found to be unrelated to chemotherapy, but 
rather due to T cell sequestration in the bone marrow.64 
Even if the T cells successfully reached the tumor bed, 
their inability to adapt to the immune suppressive micro-
environment challenges their survival and, thus, their 
antitumor activity. The combination of downregulation 
of tumor-associated antigens and an increased expression 
of checkpoint inhibitors by the cancer cells, in addition to 
the immunosuppressive cytokines secreted by protumor 
bystander immune cells, all contribute to fast T cell 
exhaustion. Furthermore, the severe downregulation of 
the inflammatory cytokines in the TME hinders the full 
activation of T cells, which is dependent on the binding 
of inflammatory cytokines to their receptors on activated 
T cells that in turn mediate T cell proliferation and 
differentiation.65 All of these challenges provide strong 
motivation to broaden the application of the CAR tech-
nology to other immune cells that play an important role 
in the cancer microenvironment, such as macrophages 
(figure 3B).

EQUIPPING MACROPHAGES WITH CAR CONSTRUCTS: THE 
EMERGING HOPE FOR EFFICIENT CANCER TARGETING
It would be very attractive to equip and engineer macro-
phages with CAR constructs and prepare the modified 
cells for adoptive transfer to patients with cancer.

The concept of adoptive transfer of macrophages for 
cancer therapy was brought to the forefront with many 
clinical trials.66–68 These trials were performed on several 
different solid tumors, such as bladder, colorectal, 
ovarian, gastric and lung cancer. Important evidence for 
the safety of autologous transfer of up to 3×109 macro-
phages derived from blood monocytes was acquired, and 
the process was well-tolerated in different patients with 
cancer. Nonetheless, the same studies concluded that 
this approach failed to achieve considerable antitumor 
efficacy and clinical responses were lacking for many of 
the conducted trials.69 The perception gained from these 
reports is that the transferred macrophages require fine 
tuning and molecular adjustments to acquire better anti-
cancer efficacy. Modern technologies, such as the design 
of viral vectors or genome editing technologies, allow for 
the precise modification of cells, including macrophages 
(figure 3A). However, monocyte/macrophages are partic-
ularly characterized by low transduction efficiencies, 
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which can be overcome by the use of, for example, Vpx, 
an accessory protein that is able to bind to and coun-
teract SAMHD1. Use of Vpx-packaged lentiviral particles 
for transduction of myeloid cells led to a restored level of 
dNTPs and, thus, successful reverse transcription of the 
lentiviral vector constructs.70 71 An additional option for 
macrophage modification is the use of a specific adeno-
virus serotype called Ad5F35. Antigen-presenting cells 
of the myeloid lineage lack the primary receptor for 
adenoviruses, which results in inefficient transduction 
with standard Ad5-derived vectors.72 However, CD46 is a 
complement regulatory protein that is expressed by all 
nucleated cells and can be used as a receptor for the entry 
of specific human B adenovirus serotypes. Nilsson and 
colleagues generated a replication-incompetent chimeric 
adenoviral vector (Ad5f35) as a method to efficiently 
transduce malignant hematopoietic cells .72 Klichinsky 
and colleagues used this strategy and transduced primary 
human CD14+ peripheral blood monocyte-derived 
macrophages with an anti-HER2 CAR.24 These anti-HER2 
CAR-Ms efficiently induced phagocytosis of the HER2+ 
ovarian tumor cell line SKOV3. In addition, the CAR-Ms 
eradicated SKOV3 tumor cells in a dose-dependent 
manner at a level that directly correlated to CAR expres-
sion. In comparison, transduction of macrophages with 
a control CAR lacked antitumor activity, which showed 
that the anticancer effect is not affected by transduc-
tion.24 Similar findings were translated in vivo in which 

the SKOV3 tumor burden in NOD-SCID mice was signifi-
cantly reduced in the group treated with primary human 
anti-HER2 CAR-Ms. Notably, this work also presented 
evidence that CAR-Ms can overcome many of the chal-
lenges that hamper CAR T cell activity in solid tumors, 
as CAR-Ms successfully survived and were resistant to the 
immunosuppressive cytokines present in the TME.24 The 
infused CAR-Ms were even able to secrete an array of pro-
inflammatory cytokines, convert macrophages from an 
M2 to an M1 phenotype, and direct the tumor niche into a 
pro-inflammatory environment. Furthermore, Klichinsky 
et al showed that CAR-Ms were capable of cross presenting 
NY-ESO-1 antigens to anti-NY-ESO-1 T cells after phago-
cytosis of NY-ESO-1+ SKOV3 tumor cells. This was marked 
by CD8+ anti-NY-ESO-1 T cell activation on incubation 
with both the tumor and CAR-Ms, suggesting epitope 
spreading by CAR-Ms. In addition, infusion of both 
CAR-Ms and donor derived T cells showed an increased 
antitumor response in vivo24 (figure 4). In a follow-up to 
the previous work, Pierini et al demonstrated the ability of 
murine bone marrow-derived macrophages to eradicate 
and phagocytose CT26-HER2+ tumors. Here, infusion 
of murine derived anti-HER2 CAR-Ms reduced tumor 
growth, prolonged overall survival and increased intratu-
moral infiltration of CD4+ and CD8+ T cells, NK cells and 
dendritic cells.73 Similarly to the findings by Klichinsky 
et al, Pierini et al showed that CAR-Ms play a pivotal role 
in regulating the TME via inducing the upregulation of 

Figure 4  Closer insight into CAR-macrophage activation and anticancer mechanisms. The binding of tumor antigen with the 
respective recognition site in the CAR receptor on the surface of CAR-macrophages generates activation signals that mediate 
tumor phagocytosis, activation of transcription factors such as NF-kB and subsequent release of inflammatory cytokines, which 
in turn can activate T cell-mediated immunity against the tumor. CAR, chimeric antigen receptor.
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MHC I/II expression on the respective tumor cells, which 
in turn led to increased tumor-associated antigen presen-
tation to the T cells (figure 4).73

In another study, Morrissey et al exploited the unique 
phagocytosis property of macrophages and focused on 
that aspect to design new CAR constructs that they called 
chimeric antigen receptors for phagocytosis (CAR-P).23 
The design of CAR-P was similar to that of the classical 
anti-CD19 CARs used in T cells, with the difference that 
various murine phagocytic receptors, such as FcRɣ, Bai1, 
and MerTK, were screened and used as the intracellular 
signaling domains of the CARs. Their study demonstrated 
the ability of different CAR-P designs to promote phago-
cytosis of various cancer-related antigens. Co-culture of 
CAR-P with the Raji B cancer cell line showed engulfment 
and reduction of the cancer cell count by over 40%.23

Another attractive design of CAR-Ms aimed to target 
HER2-expressing cancers while activating the CD147 
signaling domain to induce matrix metalloproteinases as 
a mechanism to destroy the extracellular matrix of the 
tumor. While in vitro results failed to show strong anti-
tumor activity of the CAR-147, infusion of CAR-147 cells 
into the aggressive 4T1 bearing mouse model showed 
significant tumor growth inhibition.74 Another study 
demonstrated a unique tailoring of the CAR-Ms to target 
CCR7 positive cells, which is an interesting application due 
to the role of CCR7 in promoting tumor cell metastasis to 
lymphoid organs. In vivo results highlighted the ability 
of these CCR7 targeting CAR-Ms to reduce the tumor 
growth and prolong survival.75 Interestingly, regenerative 

medicine approaches are expected to provide an attrac-
tive solution to overcome the high cost of such person-
alized approaches by providing a sustainable source of 
CAR-Ms. Technologies such as delivery of these CARs 
to induced pluripotent stem cell (iPSC)-derived macro-
phages may help make these types of therapy available to 
a greater number of patients. Zhang et al recently showed 
the impressive potential of generating efficient CAR-Ms 
from iPSCs, which were capable of reducing tumor growth 
and activating phagocytosis when tested against leukemia, 
ovarian and pancreatic cancer cell lines. This was further 
confirmed in an in vivo mouse model of ovarian cancer, 
where the tumor burden in the CAR-Ms-treated group was 
significantly reduced compared with the control group.76 
Lastly, Carisma Therapeutics took their successful CAR-M 
candidate CT-0508 (anti-HER2-CAR-M) a step closer to 
clinical testing, where it has acquired Food and Drug 
Administration approval as an investigational new drug. 
Recently, the first patient was treated in a Phase 1 multi-
center clinical trial to test CT-0508 against HER2 positive 
adenocarcinoma (NCT04660929).

The examples listed in table 2 summarize the preclinical 
evaluation of CAR-Ms in different cancer subtypes and show 
promising insight towards the great potential of CAR-Ms.

ALTERNATIVE ENGINEERING AND MOLECULAR REPROGRAMING 
OF MACROPHAGES INTO POTENT CANCER ERADICATING CELLS
In addition to targeting TAMs or equipping macrophages 
with CARs as discussed above, the versatile characteristics 

Table 2  An overview of the latest studies using CAR-Ms in cancer therapy. Macrophages types, targets, cancer subtypes and 
significant findings are summarized

CAR-M 
target Macrophage source/type

Tested cancer models 
(cell lines) In vivo model Study findings Reference

 �  In vitro In vivo

CD19
HER2
Mesothelin

Human monocytic cell line 
(THP-1)
Human primary 
macrophages (CD14+ 
peripheral blood)

SKOV3 (ovarian cancer)
HTB-20 (breast cancer)
CRL-2351 (breast cancer)

NOD/SCID mice bearing 
SKOV3

Antigen-specific 
phagocytosis and 
tumor clearance

Decreased tumor 
burden and prolonged 
overall survival

24

CD19
CD22

Murine bone marrow-
derived macrophages 
(BMDM,C57BL/6J)
Murine macrophages
(J774A.1)

Raji B cells – Reduced cancer cell 
number by 40%

– 23

HER2 Murine macrophages 
(Raw264.7 cells)

4T1 (breast cancer) BALB /C mice bearing 4T1 No effect on cancer 
growth

Significant inhibition of 
tumor growth

74

HER2 Murine bone marrow-
derived macrophages

CT-26
(Murine colon carcinoma)
AU-565 human breast 
cancer cells

BALB /C mice 
engrafted with CT26-
HER2+alone/ with CT-26 
wild type

Dose-dependent 
eradication of AU-565 
and CT-26
Cancer cells

Single tumor model: 
tumor regression
Dual model:
Abscopal effect
Epitope spreading

73

CCR7 Murine macrophages 
(Raw264.7 cells)

4T1 (breast cancer) BALB /C mice bearing 4T1  �  Suppressed tumor 
growth.
Prolonged survival

75

CD19
Mesothelin

Induced pluripotent 
stem cell-derived, CAR-
expressing macrophage 
cells (CAR-iMac)

K562 (chronic myeloid 
leukemia)
OVCAR3 (ovarian cancer)
ASPC1 (pancreatic 
cancer)

NSG mice bearing ovarian 
cancer (HO8910)

Antigen-dependent 
phagocytosis; 
anticancer cell 
functions

Tumor burden reduction 76

CAR-Ms, CAR macrophages.
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of macrophages have led to development of other strat-
egies that used genetically engineered macrophages 
(GEMs) to actively combat tumor cells. One interesting 
strategy was to use macrophages as cargo vehicles to secrete 
therapeutic agents locally and constitutively (figure  2). 
Kaczanowska and colleagues engineered murine hema-
topoietic stem/progenitor cells (HSPCs) with a lentiviral 
vector to express the IL-12 transgene.77 The GEMs coun-
teracted the immunosuppressive program in the pre-
metastatic niche in a murine rhabdomyosarcoma model 
through recruitment and activation of the innate and 
adaptive immune systems. This process led to a decrease 
in primary tumor burden as well as inhibition of metas-
tases and prolonged survival of tumor-bearing mice. In 
the same direction, Brempelis and colleagues trans-
duced murine bone marrow-derived macrophages with 
a lentiviral vector encoding IL-12.78 Brempelis and her 
group also engineered macrophages that secrete a full-
length anti-CTLA-4 antibody over 96 hours to enhance 
the targeted delivery of checkpoint inhibitors. Interferon 
(IFN)α was chosen as a secretion molecule by Escobar 
and her group.79 Here, the focus was set on a specific 
subpopulation of macrophages: so-called Tie2-expressing 
macrophages that express the angiopoietin receptor Tie2 
only in close proximity to the tumor and thus change to 
an M2 phenotype with pro-tumoral activity. HSPCs were 
engineered with a lentiviral vector to express the IFNα 
transgene driven by a Tie2 promoter to ensure IFNα 
secretion only in close proximity to the tumor. The GEMs 
revealed inhibition of primary tumors and lung metas-
tasis in a murine model of breast cancer through recruit-
ment and activation of the innate and adaptive immune 
systems. Furthermore, a human vector was designed 
with an improved activation strategy. Since most primi-
tive HSPCs express the Tie2 promoter, which could lead 
to fast cell exhaustion, transcriptional regulation was 
ensured by incorporation of miRNA126/130a target 
sequences. IFNα-expressing human HSPCs transplanted 
into immunodeficient NOD-SCID-IL2Rγ–/– (NSG) mice 
resulted in successful microRNA-mediated suppression of 
transgene expression in immature HSPCs. Escobar and 
colleagues successfully implemented the same strategy in 
an immune-competent mouse model that mimics human 
B-cell acute lymphoblastic leukemia.80 IFNα-secreting 
HSPCs induced T cell activation and enhanced antitumor 
activity through counteracting the immunosuppressive 
signals in the TME. Furthermore, IFNα secretion further 
improved efficacy of the anti-CTLA-4 checkpoint inhib-
itor therapy that led to an overall improvement of acute 
lymphoblastic leukemia inhibition. Catarinella’s group 
successfully used the same IFNα-Tie2 promoter gene 
therapy concept to block colorectal cancer colonization 
of the liver by counteracting the immunosuppressive 
hepatic microenvironment.81 Another cytokine that is 
currently used in clinical trials is IL-21, which is physiolog-
ically expressed by CD4+ T cells to activate NK and T cells, 
and is involved in antibody-dependent cell-mediated 
cytotoxicity.82 An additional strategy that focuses on the 

successful secretion of cargo proteins via macrophages 
is the secretion of full-length antibodies. Here, instead 
of using the CAR technology, Cha and colleagues genet-
ically engineered macrophages to secrete an anti-EGFR 
scFv-Fc fusion protein to opsonize tumor cells for subse-
quent phagocytosis by endogenous immune cells. This 
process is known as ADCP.83 In order to further extend 
the mechanism of action to recruit and activate bystander 
immune cells to further improve the antitumor immune 
response, Gardell and her group engineered human 
macrophages to secrete a BiTE, which resulted in antigen-
dependent T cell responses in a glioblastoma xenograft 
model.84 In addition, the BiTE-secreting macrophages 
were equipped with IL-12, which led to increased reduc-
tion of tumor burden in both subcutaneous and intracra-
nial mouse glioblastoma models. A similar approach to 
blocking inhibitory receptors (checkpoints) on T cells 
is the blockade of the SIRPα-CD47 axis in macrophages. 
CD47 is the ‘marker of self’ and the ‘do not eat me’ signal 
and is expressed on almost all cells.85 Binding of CD47 to 
the inhibitory receptor SIRPα on macrophages leads to 
the inhibition of the engulfment of self-cells. Cancer cells 
take advantage of this mechanism and express CD47 in 
large quantities to protect themselves from the immune 
surveillance and phagocytic cells. Instead of using anti-
bodies to block the CD47-SIRPα interaction, another 
approach is to knockout SIRPα on macrophages in order 
to circumvent the blockade by cancer cells. Ray and 
colleagues used nanoparticles to deliver the CRISPR/Cas 
system into RAW264.7 cells to generate SIRPα knockout 
macrophages.86 Switching off the ‘don’t eat me’ signal 
resulted in increased phagocytic ability against human 
osteosarcoma cells. Thus, macrophages are ideal candi-
dates to actively fight cancer as well as to attract additional 
immune cells to join the combat.

CONCLUSION
Cancer therapy has recently witnessed an outstanding 
advancement with the introduction of immunotherapy, 
where immune cells serve as crucial determinants in both 
cancer progression and therapy. With deeper and more 
profound understanding about the roles of these cells in 
the TME, new forms of immune cell-based therapy have 
been developed, such as CAR technologies that were 
applied to generate the clinically successful CAR T cells. 
Recent insights into CAR T cell applications in cancer 
highlighted several obstacles that hinder and diminish 
the full efficacy of these engineered cells. Exploring the 
potential of CAR macrophages in cancer therapy is partic-
ularly intriguing due to the known adaptability of macro-
phages to the solid tumor niche. In fact, the latest results 
about CAR macrophages show this strategy to be a very 
promising novel platform for cancer therapy. Preclin-
ical data showed that CAR macrophages were success-
fully able to home to an array of solid tumors, including 
breast, ovarian and pancreatic cancers, with efficient 
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phagocytosis of the solid tumor mass and inhibition of 
tumor growth both in vitro and in vivo.

Interestingly, due to the versatile properties of macro-
phages and their promising potential to fight cancer, 
the field of GEMs is a very prolific and rapidly growing 
research and clinical area, which includes many other 
approaches to promote the antitumor function of macro-
phages in addition to CAR strategies. Nonetheless, with 
the great expansion of GEMs, the field is lacking critical 
analyses that compare the different available approaches 
to modify macrophages in order to determine which 
strategy results in the greatest inhibition of cancer growth 
or can be adapted for use against the largest spectrum of 
cancer subtypes. Another critical question that remains to 
be addressed is: how efficient are macrophage-based cell 
therapies when applied as monotherapy to treat cancer? 
Combination regimens with other forms of cancer immu-
notherapy may be far more effective to eradicate cancer, 
especially when one considers the complicated task of 
overcoming the TME. In fact, in one example Pierini 
et al demonstrated that the combination of anti PD-1 
with HER2 CAR-Ms showed better tumor control and 
improved the overall survival as compared with mono-
therapy approaches.73 Hence, careful assessment and 
further studies are required to determine the optimal 
synergistic combination of traditional therapy with GEMs. 
There are currently many macrophage-targeted thera-
peutics under clinical evaluation (Phase I/II), and the 
anticipated outcomes of such trials will guide informed 
decisions regarding which patients can be expected to 
have the greatest clinical benefit and which of the various 
strategies (monotherapy/combined) is best suited to 
which clinical setting.

In summary, the insights learned from the latest 
advancements in genetically modified macrophages are 
moving this field a step closer toward the next generation 
of cell-based anticancer therapy.
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