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ABSTRACT

Though chimeric antigen receptor T cell (CAR-T) technology has emerged as an effective breakthrough against
hematological  malignancies,  its  application  to  solid  tumors  remains  challenging  and  is  restricted  by  the  high
complicacy  of  the  tumor  microenvironment  (TME).  Macrophages  are  innate  immune  cells  that  are  inherently
equipped with a wide range of therapeutic effects, including elevated infiltration rate, enhanced phagocytosis and
cytotoxicity,  mediation  of  immune  suppression,  and  antigen  presentation.  In  light  of  these  unique  biological
functions  and  their  ability  to  penetrate  tumors,  macrophages  have  emerged  as  a  promising  approach  for  the
treatment of solid tumors. This review initially clarifies the biological characteristics of macrophages and tumor-
associated  macrophages  (TAMs),  then  reviews  macrophage  sources  and  the  CAR design  structure,  outlines  the
ways  to  deliver  CAR  to  macrophages  and  the  preparation  of  CAR-macrophages  (CAR-Ms),  and  finally
summarizes the application and prospects for the treatment of solid tumors by CAR-Ms in recent years.
Keywords: chimeric antigen receptor, CAR-macrophage, tumor-associated macrophage, cell therapy, solid tumor

 

 INTRODUCTION

Tumor  immunotherapy  has  revolutionized  cancer
treatment  by  modulating  the  immune  system  to
suppress  tumor  progression,  invasion,  and
metastasis[1].  Immunotherapy  mainly  includes
adoptive  cell  transfer  therapy  (ACT),  immune
checkpoint  inhibitors  (ICIs),  and  cancer  vaccines[2].
Chimeric antigen receptor T cell (CAR-T) technology
has  emerged  as  a  predominant  ACT  against  tumors,
which applies genetically engineered immune cells to
specifically target antigens expressed on the surface of
cancer  cells[3].  This  approach  has  shown  remarkable
efficacy  in  treating  hematological  malignancies,
especially  in  recurrent  and  refractory  B-lymphocytic
leukemia[4].  However,  the  effectiveness  of  CAR-T  is

still inconclusive in the context of solid tumors and is
restricted  by  the  high  complexity  of  the  tumor
microenvironment (TME).

Different  from  hematological  tumors  in  which
cancer  cells  can  easily  spread  to  peripheral  blood,
solid  tumors  demand  active  transportation  and
extravasation, often penetrating into immunologically
cold  and  dense  fibrotic  masses.  Therefore,  how  to
promote  the  homing  and  penetration  efficiency  of
CAR-T cells in solid tumors is a tough problem[5]. An
additional  challenge  for  CAR-T  is  how  to  overcome
various  barriers  to  eventually  reach  the  tumor  site[6].
Due  to  the  complex  TME  composition,  CAR-T  is
likely to be restrained to varying degrees and presents
a state of exhaustion[7].

Macrophages,  innate  immune  cells  with  a  high
 
 

*Corresponding to: Qi Tang, National Health Commission Key Lab. of Antibody Techniques, Nanjing Medical University, 101 Longmian Avenue,
Nanjing, Jiangsu 211166, China. E-mail: qitang@njmu.edu.cn.
Conflict of interests: The authors declared no conflict of interests.

Available online at www.blood-genomics.com

Blood and Genomics

2023, 7(2): 86−93

B & G

https://doi.org/10.46701/BG.2023022023020

mailto:qitang@njmu.edu.cn
https://doi.org/10.46701/BG.2023022023020


infiltration rate, are the major component of TME and
take effects at all stages of tumor progression. Due to
their  powerfully  phagocytic  function  and  high
infiltration  efficacy,  macrophages  are  crucial  for  the
elimination of foreign pathogens, and can easily locate
and  persist  in  tumors[8–9].  Additionally,  due  to  their
high  plasticity  and  polarization,  macrophages
undoubtedly  have  an  impact  on  the  growth  and
development  of  tumors[10].  According  to  their
phagocytic  capabilities,  antigen  presentation,
activation  of  other  immune  cells,  and  penetration  in
the  TME,  macrophages  can  be  considered  an  ideal
therapy  for  solid  tumors[11].  The  macrophages
infiltrating  tumor  tissues,  also  known  as  tumor-
associated  macrophages  (TAMs),  are  typically
classified  into  two  types:  the  "classically  activated"
M1  phenotype,  which  exhibits  a  proinflammatory
effect  to  increase  tumoricidal  activities[12],  and  the
"alternatively  activated"  M2  phenotype,  which
features  an  anti-inflammatory  property  to  promote
angiogenesis  and  increase  vascular  density,  thereby
supporting tumorigenesis[13].

Compared  with  CAR-T  cells,  CAR-macrophages
(CAR-Ms)  exhibit  the  following  superior  qualities.
Firstly,  they  have  a  higher  macrophage  infiltration
efficiency  in  tumors,  being  capable  of  immersing  in
the  TME,  while  T  cells  have  difficulty  entering  the
TME, inhibited by the physical barriers formed by the
matrix  around  tumors[14].  More  importantly,  TAMs
play  a  vital  role  in  tumor  invasion,  metastasis,
immunosuppression,  and  angiogenesis[15].  Moreover,
CAR-Ms  are  able  to  influence  the  cellular  TAM
phenotype and increase the ratio of M1 to M2, which
have  positive  effects  on  solid  tumor  treatment.
Secondly,  in  addition  to  the  phagocytosis  of
macrophages, CAR-Ms also improve the capability of
antigen  presentation  and  enhances  the  cytotoxic
effects  of  other  immune  cells  within  the  TME.
Thirdly,  the  main  advantage  of  CAR-Ms  is  safety.
Due to the limited time of CAR-Ms in circulation, less
non-tumor  toxicity  is  generated,  such  as  cytokine
release syndrome (CRS), caused by several cytokines
being  released  into  the  blood  stream  by  CAR-Ms.
Additionally,  contrary  to  the  limited  survival  and
persistence  of  CAR-T  in  the  immunosuppressive
TME,  CAR-Ms  exhibit  longer  survival  time  and
persistence,  ensuring  the  long-time  therapeutic
duration.

This review highlights the biological characteristics
of  macrophages  and  TAMs,  displays  the  preparation
methods  of  CAR-M  cells,  and  summarizes  the  latest
research  progress  and  prospects  of  CAR-M  cell
therapy for solid tumors at home and abroad.

 BIOLOGICAL  CHARACTERISTICS  OF
MACROPHAGES AND TAMs

Macrophages are phagocytes that exist in the innate
immune  system  and  are  capable  of  engulfing
pathogens, bacteria,  cancer cells,  and coordinating an
effective  immune  response  to  protect  the  host  and
maintain  homeostasis[11].  Moreover,  macrophages,
regarded as the first line of defense, are also proficient
antigen-presenting  cells  (APCs),  which  generate  a
specific  antitumor  immune  response  and  activate  T
cells[16].  In  its  early  stage,  a  tumor's  volume  is
relatively small; due to their broad infiltration ability,
macrophages  slowly  aggregate  around  the  tumor  and
inside  the  tissues.  At  the  tumor  progression  stage,
along  with  the  increase  in  tumor  volume,  an
intratumor  vascular  network  is  gradually  formed.
Monocytes  in  the  blood  penetrate  into  the  interior  of
the  tumor  tissue,  and  then  develop  and  mature  into
TAMs, eventually forming the TME[17].

TAMs exhibit dual effects in tumor progression due
to  their  high  plasticity  and  polarization.  On  the  one
hand,  macrophages  generate  important  immunogenic
cytokines that inhibit tumors. On the other hand, they
can  promote  the  growth,  invasion,  and  metastasis  of
tumor  cells.  These  two  entirely  opposite  effects  may
be  affected  by  different  macrophage  phenotypes
which  are  influenced  by  certain  inducible  factors  in
the  TME,  such  as  specific  signals  and  differing
stimuli.  M1  phenotypes  represent  antitumor  activity,
which  exhibits  proinflammatory  features,  such  as
generating  immunogenic  cytokines  and  participating
in  tumor  suppression[18].  M1  macrophages are
typically induced by IFN-γ from Type 1 T helper cells
(Th1)  and  are  characterized  by  secreting  cytokines
such  as  TNF-α,  IL-8,  IL-6,  IL-12,  and  IL-1β,  which
promote  proinflammatory  responses[19–20].  These
cytokines  are  capable  of  coordinating  immune
responses and generating reactive oxygen species and
reactive  nitrogen  species  to  promote  the  killing  of
pathogens[21]. M1 macrophages act as APCs and ligate
the innate and adaptive immune systems to exert anti-
tumorigenic  functions[22–23].  M2  phenotypes  usually
evolve  from  TAMs,  which  are  typically  regarded  as
anti-inflammatory  phenotypes  that  play  biological
roles  in  mediating  tissue  repair  and  increasing
vascular  density  to  stimulate  angiogenesis[24–25].  M2
macrophages  promote  tumor  formation  through
secreting  immunoregulatory  cytokines  such  as  IL-4,
IL-10,  IL-13,  and  TGF-β  to  support  tumor  cell
growth, invasion, and metastasis[12,21]. In addition, M2
macrophages  create  an  immunosuppressive
environment  and  greatly  inhibit  T-cell-mediated
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adaptive  immune  responses,  allowing  tumor  cells  to
evade immune surveillance and leading to the further
development of cancer[17].

In  general,  macrophages  have  an  inseparable
relationship  with  the  TME.  Therefore,  for  anti-tumor
immunotherapy,  utilizing  the  high  plasticity  and
polarization of macrophages is of vital importance.

 SOURCES  OF  MACROPHAGES  TO
FABRICATE CAR-Ms

The  sources  of  macrophages  to  fabricate  CAR-Ms
are  extensive  and  can  be  obtained  through  multiple
production  routes.  Various  sources  of  macrophages
are presented in Table 1.

  
Table 1    Summary of the common CAR construction applied in CAR-Ms

Target
antigens

Target cells CAR constructions Macrophage sources

CD19 Cancerous Raji B cells

CD19 + Megf10
CD19 + FcRγ
CD19 + tandem connection of FcRγ
and p85 subunit of PI3K

J774A.1 murine
macrophages

HER2 SKOV3 (HER2+ ovarian cancer cell line) HER2 + CD3ζ
Primary human
macrophages, THP-1

4T1 cells overexpressing human HER2-RGFP (HER2-4T1) HER2 + CD147 RAW 264.7

CD19
CD19-expressing K562n leukemia cells and mesothelin-
expressing OVCAR3/ASPC1 ovarian/pancreatic cancer cells

CD19 + CD3ζ + FcRγ
iPSCs -derived
macrophages

CCL19 4T1 cells

CCL19 + TLR2
CCL19 + TLR4
CCL19 + TLR6
CCL19 + MerTK
CCL19 + 4-1BB + CD3ζ

RAW 264.7

CAR: chimeric antigen receptor; CAR-Ms: CAR-macrophages; iPSCs: induced pluripotent stem cells.
 

Currently,  conceptual  verification  research  can  be
carried out in cell lines such as THP1 and RAW 264.7
or  from  primary/immortalized  mouse  bone  marrow-
derived  macrophages  (BMDM).  Zhang et  al.
demonstrated  that  CAR-147,  based  on  the  murine
RAW  264.7  cell  line,  effectively  generated  more
matrix  metalloproteinases  (MMPs)  through
recognizing  the  antigen  HER2  and  triggering  the
CD147  intracellular  domain[26].  Besides,  Niu et  al.
also  applied  RAW  264.7  to  structure  CAR-Ms,
utilizing CCR7 as the antigen-recognition domain and
Mer  receptor  tyrosine  kinase  (MerTK)  as  the
intracellular  domain,  which  displays  splendid  tumor
cell  phagocytic  activity[27].  Klichinsky et  al.
transduced  the  THP-1  cell  line  with  CAR  targeting
mesothelin or  HER2,  demonstrating the phagocytosis
of  CAR-Ms  on  antigen-positive  targeted  cells[28].
Morrisey et  al.  introduced  CAR-P  into  J774A.1
murine  macrophages  through  lentiviral  infection  to
achieve cancer antigen-dependent engulfment[29].

Although  current  research  can  be  carried  out  in
human  and  mouse  model  cell  lines  as  listed  above,
clinical  translation  acquires  scalable  primary  human
cell  sources.  Compared  with  T  cells,  macrophages
may become attractive cell  therapies  because of  their
splendid  capability  to  avoid  graft-versus-host  disease
(GVHD).  Thus,  macrophages  derived  from  induced
pluripotent  stem  cells  (iPSCs)  are  ideal  sour-

ces  for  myeloid  cell  therapy.  In  the  circumstances
of  identifying  tumor-associated  antigens,  CAR-
expressing  iPSC-derived  macrophage  (CAR-iMac)
cells  represent  antigen-dependent  macrophage
functions  and  anti-tumor  effects in  vitro and in  vivo.
Zhang et al. utilized iPSCs to engineer CAR-Ms with
the antigen-recognition domain CD19, and found that
they were able to induce macrophages to polarize into
the  M1  phenotype  to  exhibit  anti-tumor  activities in
vivo[26].

In  fact,  naive  monocyte  cell  lines  are  unsuitable
clinical sources for CAR-Ms as they have a high risk
of  tumorigenesis  and  development.  To  ensure
security,  genetic  manipulation  to  modify  monocyte
cell  lines  is  necessary[30].  Researchers  applied  leuka-
pheresis  to  obtain  large  numbers  of  peripheral  blood
monocytes  and  utilized  granulocyte-macrophage
colony-stimulating  factor  (GM-CSF)  to  further
increase  the  number  of  available  monocytes  to  2–4
times[31–32].  Generated  from  peripheral  blood  CD14+
monocytes  with  GM-CSF,  primary  human  macro-
phages were cultured and differentiated into M1[28].

 STRATEGIES  AND  TACKS  FOR
CONSTRUCTING  CAR:  CURRENT
ATTEMPTS

Recent attempts to engineer CARs for macrophages
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have shown that  the basic design principles of  CARs
for T cells' structures are also suitable for macrophage
biology.  Traditional  CARs  are  transmembrane
proteins,  which  comprise  an  extracellular  antigen-
recognition  domain,  a  hinge  domain,  and  an
intracellular  domain.  Additionally,  the  intracellular
domain  contains  a  costimulatory  domain  and  a
signaling domain[33].

Researchers  have  demonstrated  that  the  antigen-
recognition  domain  of  CAR-Ms  mainly  contains
widely  representative  targets,  such  as  CD19,  HER2,
mesothelin, etc.  Additionally,  CD8 is  the  main  hinge
domain  of  CAR-Ms,  which  together  with  the
intracellular  domain  CD3ζ,  can  effectively  redirects
macrophages  and  induces  antigen-dependent
phagocytosis,  cytokine  release,  and  antitumor
activity[28].  The  expression  of  CAR-Ms  with  CD3ζ  is
capable  of  killing  and  engulfing  tumor  cells  in  an
antigen-specific  manner.  Another  activating  domain
of  CAR-Ms  is  Fc  receptor  common  gamma  chain
(FcRγ),  which  has  a  cytosolic  domain  that  shares
significant homology with CD3ζ. In addition, a study
has demonstrated that the activation domain of CAR-
Ms  constructed  with  either  CD3ζ  or  FcRγ  has
functional  similarities  in  phagocytosis,  confirming
that  CD3ζ  and  FcRγ  based  CARs  have  comparable
capabilities  to  activate  T  cells[34].  Different  CAR
constructions are presented in Table 1.

The  choice  of  signaling  domains  has  broadened
markedly  for  designing  CAR-Ms,  and  alternative
domains  have  been  explored.  The  first-generation
CAR-Ms  are  modified  with  genetically  programmed
CARs to enhance the ability to target specific antigens
and phagocytosis. However, the structure of CAR-Ms
simply utilizes the properties of macrophages, mainly
the phagocytic ability.

One  of  the  most  representative  structures  from the
first  generation  is  chimeric  antigen  receptor-
phagocytosis  (CAR-P).  Researchers  engineered  a
series  of  CAR-P  which  were  able  to  direct
macrophages  to  phagocytose  specific  antigens,
especially  cancer  cells.  However,  the  interaction
between  CAR-P  macrophages  and  targeted  cells  was
insufficient  to  induce  the  whole  cell  engulfment.
Thus, experts discovered that the cytosolic domain of
CAR-Ms,  which  expressed  Megf10  and  FcRɣ,
together with the addition of tandem PI3K recruitment
domains,  greatly  improved  the  efficiency  of
macrophage  phagocytosis  on  tumor  cells[29].
Furthermore,  researchers  designed  a  tandem  CAR
(CAR-Ptandem),  whose  structure  was  formed  by
connecting  the  PI3K p85  subunit  with  CAR-P-FcRɣ.
CAR-Ptandem  performed  better  whole-cell

phagocytosis,  implicating  that  the  addition  of
phagocytic  effectors  can  increase  macrophage
engulfment[29].

The  reason  why  CAR-T  cell  therapy  is  ineffective
for solid tumors is that T cells are difficult to infiltrate
into  tumor  tissues[35].  Certain  distinctive
histopathological  features  of  solid  tumors,  such  as
densely  covered  angiogenesis,  tumor  associated
fibroblasts, as well as the extracellular matrix (ECM),
keep  T  cells  away  from  infiltrating  into  tumor
parenchyma[36].  Although  these  characteristics  are
beneficial  to  the  growth  of  tumor  cells,  they  create
physical  barriers  for  T cell  infiltration in  tumor sites.
Thus,  these  characteristics  prevent  continuous
engagement  between  T  cells  and  tumor  cells,
impeding  T  cells  from  exerting  cytotoxic  antitumor
effects.  The  synthesis  and  degradation  of  ECMs  are
mainly  monitored  by  MMPs  which  originate  from
macrophages.  Zhang et  al.  modified  macrophages
with  an  activation  domain  for  CD147  (CAR-147),  a
membrane  molecule  that  plays  a  significant  part  in
MMPs  expression  and  remodeling  ECM[37–38].
Therefore, after recognizing the tumor antigen HER2,
the  internal  signaling  of  CD147  is  triggered.  Besides
activating phagocytosis, CAR-147 targets tumor ECM
by increasing the expression of MMPs[26].  It  was also
found that CAR-147 macrophages could break ECMs
and  thus  promote  T  cell  infiltration  into  tumors.
Furthermore,  CAR-147  significantly  increases  the
levels of IL-12 and IFN-γ in the TME, which plays an
important role in anti-tumor activities[28].

The  second-generation  CAR-Ms  are  under-
developed.  Besides  maintaining  the  properties  of  the
first-generation  CAR-Ms,  the  aims  of  the  second-
generation  CAR-M  technologies  comprise  the
improvement of tumor-associated antigen presentation
and  T  cell  activation.  According  to  CAR-T  therapy
research,  adding  an  intracellular  cytoplasmic  domain
in  CAR  structure  appears  effective.  Additionally,
overcoming the plasticity of TAMs and inducing and
maintaining  anticancer  phenotypes  are  of  vital
importance. Moreover, CAR-engineered macrophages
are  expected  to  expand in  vitro and  last  a  relatively
long  period  to  greatly  achieve  therapeutic  effects.
Based  on  these  concepts,  iPSCs  can  be  utilized  to
deliver  the  CAR  structure  and  later  differentiate  into
macrophage-like cells, known as CAR-iMac[39]. In the
absence  of  antigens,  CAR-iMac  inclines  to  polarize
into the M2 phenotype. Contrarily, in the presence of
antigens,  CAR-iMac  prefers  to  transform  into  the
inflammatory M1 phenotype and promotes tumor cell
engulfment.  Besides,  the  phagocytosis  and
immunologic activity of CAR-iMac are also enhanced
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by  the  stimulation  of  solid  tumor  cell  antigen
expression.  Therefore,  to  keep  CAR-iMac  closer  to
the  M1  stage  and  further  promote  efficiency,  it  is  of
vital  significance  to  design  a  more  effective  CAR
structure  and  gene  modification.  Niu et  al.  applied
CCL19,  the  natural  ligand  of  CCR7,  as  the  antigen-
recognition domain, instead of scFv. They proved that
MerTK, as an intracellular domain, exhibited splendid
tumor cell cytotoxicity by CAR-Ms[27].  In conclusion,
the  future  field  of  iPSC-derived  macrophages  in
myeloid-based cancer immunotherapy is bright.

The  third-generation  CAR-Ms  are  expected  to
greatly promote anticancer efficacy. This new strategy
of reprogramming CAR-Ms in vivo through a nonviral
vector  is  favored  due  to  its  highly  cost-effective  and
simple  manufacturing  procedures.  Moreover,  the
adaptation  of  cytokine  receptor  domains  is  also
essential for further improving the immune regulation
and  anti-tumor  ability  of  CAR-M  products.  Kang et
al. attempted to utilize macrophage-targeting polymer
nanocarriers  to  deliver  gene-edited  CARs  and  CAR-
interferon-γ-encoding  plasmid  DNA  into  macro-
phages[23].  The  antitumor  potency  was  further
increased  through  IFN-γ,  which  induced  CAR-Ms
from  M2  phenotypes  into  M1  phenotypes.  However,
the  amplification  ability  of  macrophages  and
transduction  efficiency  of  the  non-viral  vector  ought
to further improve therapeutic efficacy.

These  studies  jointly  illustrated  that  macrophages
are  able  to  utilize  modular  CARs  to  customize  the
responses  of  target  tumor  antigens.  Future  efforts  of
designing  CAR-Ms  can  take  the  sophisticated
structures  of  CAR-T  into  account,  which  include
tandem activation domains, multi-antigen logic gates,
drug-sensitive modules,  and construction of secretory
structure[40–46]. In addition, it is of great significance to
carefully  optimize  functions  when  generating  new
CAR-M constructions.

 METHODS  OF  DELIVERING  GE-
NETICALLY  MODIFIED  CARs  TO
MACROPHAGES

Delivering  CARs  to  macrophages  remains  a
challenging  task  for  researchers.  However,  owing  to
recent  advances  in  gene  delivery,  it  can  be  achieved
through  multiple  viral-mediated  and  nonviral-
mediated strategies.

The  superior  ability  of  myeloid  cells  to  detect  and
respond  to  foreign  nucleic  acids  leads  macrophages
and  monocytes  to  become  resistant  to  genetic
modification[47].  Thus, seeking out a delivery medium
is  of  vital  significance.  Modified  lentiviral  virions

containing Vpx,  a  virion-packaged accessory  protein,
were  confirmed  capable  of  delivering  genetically
modified CARs to myeloid cells efficiently[48]. Indeed,
Vpx  plays  an  important  role  in  inducing  the
degradation  of  SAMHD1,  an  antiretroviral  protein
expressed in myeloid cells that inhibits the early stage
of  the  viral  life  cycle  through  restricting  the
deoxynucleotide  and  preventing  reverse  trans-
cription[49].  Considering  macrophages'  restricted
proliferation capacity, researchers speculated that non-
integrating,  replication  deficient  adenoviral  vectors
may reverse this difficulty by enhancing efficient and
long-range transduction. Therefore, utilizing chimeric
adenovirus  5-fiber  35  vector  (Ad5f35)  is  an  ideal
option for macrophage transduction. Ad5f35 equipped
with strong transduction ability, can effectively induce
gene  transference  into  primary  human  macro-
phages[28,50].  Moreover,  Ad5f35-infected  macro-
phages  stimulated  inflammasome,  which  was
involved in sustaining the M1 phenotype produced by
pro-inflammatory activation signals[51].

The third-generation CAR-Ms are mainly based on
non-viral  strategies.  As  for  non-viral  strategies,
mRNA transfection, transposon systems, and bacterial
plasmid  DNA  have  been  applied  to  macrophage
bioengineering[52–54].  In  recent  research,  polymer
nanocarriers (mannose-conjugated polyethyleneimine,
MPEI) have been shown capable of transferring genes
encoding  CAR  and  IFN-γ  into  macrophages  to
potentially  promote  their  anti-tumor  ability[23].  The
main  role  of  IFN-γ  further  increases  their  anti-tumor
ability by inducing CAR-M1 macrophages[55].

 CLINICAL APPLICATION OF CAR-Ms

As of June 2023, three clinical trials based on CAR-
M cell therapy were ratified by the US Food and Drug
Administration  (FDA)  (Table  2).  The  first  study  to
undergo a Phase I clinical trial was MaxCyte's MCY-
M11, and patients were under recruiting. In this study,
mRNA-targeted  peripheral  blood  mononuclear  cells
(PBMCs)  were  utilized  to  construct  mesothelin-CAR
for  the  purpose  of  dealing  with  relapsed/refractory
ovarian  cancer  and  peritoneal  mesothelioma.  The
second  study  involved  a  drug  candidate  from
CARISMA  Therapeutics,  CT-0508.  The  first  patient
dosing was completed in the Phase 1 clinical trial, and
relapsed/refractory  solid-tumor  patients  who  inclined
to  over-express  HER2  were  treated  with  anti-HER2
CAR-Ms.  Here,  CAR-Ms  were  modified  with  a
chimeric  adenoviral  vector  Ad5f35  carrying  scFv
targeting  HER2  and  went  through  recruiting  status,
and over  28 patients  were involved to investigate the
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therapeutic efficacy in humans[28]. The third study was
approved  to  collect  tumor  samples  to  develop  breast
cancer patients' derived organoids to test the antitumor

efficacy  of  CAR-Ms,  and  patients  were  being
recruited for Phase I clinical trial. However, CAR-Ms
have not entered clinical trials in China yet.

  
Table 2    Clinical trials of CAR-Ms

No. NCT Start year Phase Diseases Macrophage sources Targets Gene transfer

03608618 2018 I
Advanced ovarian cancer and
peritoneal mesothelioma

PBMCs Mesothelin mRNA transfer

04660929 2020 I HER2 overexpressing solid tumors Primary human macrophages HER2 Adenovirus transfection
05007379 2021 I Breast cancer No records No records No records

PBMCs: peripheral blood mononuclear cells
 

 LIMITATIONS OF CAR-Ms

Though  CAR-Ms  have  great  immunotherapy
potential  against  solid  tumors,  many  difficulties  still
need  to  be  conquered  in  order  to  achieve  optimal
results.

The  first  restriction  is  resulted  from  macrophage
characteristics.  Owing  to  their  strong  antiviral
capabilities,  transfection  of  CAR-viral  vectors  is  an
enormous  challenge.  The  second  restriction  is  the
maintenance  of  M1  phenotypes in  vivo.  Due  to  the
high  plasticity  and  polarizability  of  macrophages,
macrophage  functions  change  dynamically  in  the
TME, so CAR-Ms may in some cases promote tumor
occurrence and progression. The third limitation is the
expansion potential of CAR-Ms in vivo. The life cycle
of  macrophages  can  last  for  several  months,  so  the
therapeutic  duration  can  last  for  a  long  time.
Conversely,  this  may  cause  potential  adverse  effects,
such  as  CRS,  neurotoxicity,  and  so  on.  Furthermore,
the fourth restriction has a correlation with migration
characteristics  of  macrophages in  vivo.  During  the
treatment  process,  most  exogenous  macrophages  are
intercepted  by  the  liver,  which  may  produce  adverse
effects  on  cancer  treatment[55].  The  last  restriction  is
the loss of tumor antigens. A prominent issue in CAR-
T therapy  is  insufficient  target  antigens  owing  to  the
high heterogeneity of tumor cells, which may also act
as  the  main  obstacle  to  the  development  of  CAR-M
treatment.

Urgent  and  effective  measures  are  required  to
develop  more  credible  transfection  systems,  control
potential life-threatening adverse reactions, and avoid
the catastrophic tumor promoting effects of CAR-Ms.
In terms of clinical application, importance should be
attached  to  multiple  aspects.  First  and  foremost,  the
safety  and  effectiveness  of  CAR-Ms  needs  to  be
considered, which is affected by the limited ability of
macrophages  in  proliferation[56].  Although  this  has
been  verified  by  animal  experiments,  further
investigation is still needed to elucidate the capability

and  potential  risks  of  CAR-Ms  in  the  human  body.
Ongoing  research  has  demonstrated  that  the
combination  of  CAR-Ms  and  antibody  drugs  can
further  improve  the  efficacy  of  CAR-Ms,  and
furthermore, that the effectiveness of CAR-Ms can be
enhanced via antibody-based  immunotherapy,  which
promotes  macrophage  phagocytosis  to  stimulate  the
immune  response[57].  For  example,  T  cell  checkpoint
inhibitors  which  block  PD1  signaling,  were  also
shown  to  improve  macrophage  phagocytosis in  vivo,
indicating that future iterations of CAR-Ms may work
synergistically with gene editing or assisted transgene
overexpression[58].  Secondly,  reliable  resources  and
amplification  methods  will  provide  favorable
conditions  for  the  clinical  application  of  CAR-Ms.
Thirdly,  the  application  of  virus-transfected  CAR-M
gene  transfer  may  induce  insertion  mutations,  which
cannot be ignored.

 SUMMARY AND PROSPECTS

The  extraordinary  biological  functions  of  macro-
phages,  such  as  engulfment,  high  plasticity,  and
polarization,  have  led  macrophages  to  become  a
promising  novel  antitumor  cellular  immunotherapy.
Moreover,  macrophages  can  be  generated  from
reliable  sources  including  peripheral  blood,  THP-1,
and iPSCs. Compared with CAR-T, the lower risk of
developing GVHD is an additional advantage of CAR-
Ms.  There  are  numerous  strategies  available  to
construct CAR-Ms, mainly centering around different
varieties of antigen-recognition domains and signaling
domains.  However,  the  splendid  ability  of  macro-
phages to detect  and respond to foreign nucleic acids
makes  them  resistant  to  genetic  modification.  Thus,
multiple strategies based on viral-mediated or nonviral-
mediated  have  been  developed,  which  include  Vpx,
Ad5f35,  mRNA  transfection,  polymer  nanocarriers,
and so on.

CAR-Ms  have  high  potential  as  an  effective
immunotherapy against cancer, but their effectiveness
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and  safety  still  need  to  be  verified  in  clinical
treatments  in  the  future.  Researchers  should  further
explore  the  mechanism  and  regulatory  factors  of
macrophage  phagocytosis  and  antigen  presentation,
which may result in CAR-Ms exhibiting stronger anti-
tumor  effects  against  solid  tumors  and  provide  a
promising method for adoptive immune cell therapies.
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