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Abstract
Adoptive cell therapy with chimeric antigen receptor (CAR) immunotherapy has made tremendous progress with five CAR T therapies approved by the US Food and Drug Administration for hematological malignancies. However, CAR immunotherapy in solid tumors lags significantly behind. Some of the major hurdles for CAR immunotherapy in solid tumors include CAR T cell manufacturing, lack of tumor-specific antigens, inefficient CAR T cell trafficking and infiltration into tumor sites, immunosuppressive tumor microenvironment (TME), therapy-associated toxicity, and antigen escape. CAR Natural Killer (NK) cells have several advantages over CAR T cells as the NK cells can be manufactured from pre-existing cell lines or allogeneic NK cells with unmatched major histocompatibility complex (MHC); can kill cancer cells through both CAR-dependent and CAR-independent pathways; and have less toxicity, especially cytokine-release syndrome and neurotoxicity. At least one clinical trial showed the efficacy and tolerability of CAR NK cell therapy. Macrophages can efficiently infiltrate into tumors, are major immune regulators and abundantly present in TME. The immunosuppressive M2 macrophages are at least as efficient as the proinflammatory M1 macrophages in phagocytosis of target cells; and M2 macrophages can be induced to differentiate to the M1 phenotype. Consequently, there is significant interest in developing CAR macrophages for cancer immunotherapy to overcome some major hurdles associated with CAR T/NK therapy, especially in solid tumors. Nevertheless, both CAR NK and CAR macrophages have their own limitations. This comprehensive review article will discuss the current status and the major hurdles associated with CAR T and CAR NK therapy, followed by the structure and cutting-edge research of developing CAR macrophages as cancer-specific phagocytes, antigen presenters, immunostimulators, and TME modifiers.
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Abbreviations
	ACT
	adoptive cell therapy

	ADCP
	antibody-dependent cellular phagocytosis

	ALL
	acute lymphoblastic leukemia

	BCMA
	B cell maturation antigen

	CAF
	cancer-associated fibroblast

	CAR
	chimeric antigen receptor

	CAR-iMAC
	iPSC-derived CAR-expressing macrophage

	CAR-M (MerTK)
	CAR macrophage containing MerTK

	CCL19
	C-C Motif Chemokine Ligand 19

	CCL2
	C–C motif chemokine ligand 2

	CCR7
	CC-chemokine receptor 7

	CR
	complete remission

	CRi
	complete remission with incomplete hematologic recovery

	CRS
	cytokine release syndrome

	CSF1
	Colony Stimulating Factor 1

	CTLA4
	Cytotoxic T Lymphocyte-Associated Protein 4

	CXCL12
	C-X-C Motif Chemokine Ligand 12

	DAP10
	DNAX-activation protein 10

	DLBCL
	diffuse large B-cell lymphoma

	ECM
	extracellular matrix

	FcRγ
	the γ subunit of Fc receptor

	FDA
	the Food and Drug Administration

	HER2
	human epidermal growth factor receptor 2

	ICANS
	immune effector cell- associated neurotoxicity syndrome

	ICI
	immune checkpoint inhibitor

	ICOS
	inducible T cell co-stimulator

	IL-6
	interleukin-6

	iPSC
	induced pluripotent stem cell

	ITAM
	immunoreceptor tyrosine-based activation motif

	LDhi
                           
	lipid droplet high

	MDSC
	myeloid-derived suppressor cell

	MHC
	major histocompatibility complex

	MMP
	matrix metalloproteinase

	Mo
	Months

	NK cell
	nature killer cells

	NKG2D
	the nkg2 family of C-type lectin-like receptor D

	ORR
	Objective response rate

	PD1
	anti-programmed cell death 1

	PD-L1
	programmed cell death 1 ligand 1

	Pi3k
	phosphatidyl inositol 3 kinase

	ROS
	reactive oxygen species

	scFv
	single-chain fragment variable

	TAA
	tumor-associated antigens

	TAF
	tumor-associated fibroblasts

	TAM
	tumor-associated macrophage

	TCR
	T cell receptor

	TGFβ
	transforming growth factor beta

	TME
	tumor microenvironment

	VEGF
	Vascular endothelial growth factor
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Background
Immunotherapy has recently revolutionized cancer treatment and constitutes the fourth cornerstone of cancer therapy after surgery, radiation and chemotherapy. This is especially true for metastatic cancers which are usually considered incurable, but, now with immunotherapy, some patients can achieve long-term remission and possibly cure. Currently immunotherapy research explores and harnesses every aspect of the immune system with the most successful stories on immune checkpoint inhibitors (ICIs) and adoptive cell therapy (ACT) with chimeric antigen receptor (CAR) T cells. Other immunotherapy approaches are mainly at preclinical research and clinical trials. For ICIs, one antibody targeting Cytotoxic T Lymphocyte-Associated Protein 4 (CTLA-4), six anti-programmed cell death 1 (anti-PD1) and anti-programmed cell death 1 ligand 1 (anti-PD-L1) antibodies have been approved by the US Food and Drug Administration (FDA) against over 15 different types of malignancies [1]. In contrast, so far, only five CAR T therapies have been approved for hematological malignancies of B cell origin (Table 1 and Fig. 1). Over 700 clinical trials of CAR T therapy have been registered at clinicaltrials.gov and many of these trials focus on solid tumors. However, no CAR therapy has been approved for solid tumors yet. This review article discusses the current status of CAR T and NK cell therapies and their limitations, followed by emerging CAR macrophage therapy.Table 1Current FDA approvals of CAR T therapies


	Name
	Trade name
	Intra-
cellular domain
	Target
	Approval date
	Indication*
	Lymphodepleting regimen
	Dosing regimen**
	Clinical benefit
	Trial name and reference

	Axicabtagene ciloleucel
	Yescarta
	CD3ζ and CD28
	CD19
	Oct 18, 2017
	Large B-cell lymphoma
	FluCya
	2 × 106/kg
	ORR: 82%, CR:54%
	ZUMA-1 [2]

	Mar 5, 2021
	Follicular Lymphoma
	FluCya
	2 × 106/kg
	ORR: 91%
CR: 60%
	ZUMA-5 [3]

	Brexucabtagene autoleucel
	Tecartus
	CD3ζ and CD28
	CD19
	Jul 24, 2020
	Mantle cell lymphoma (MCL)
	FluCya
	2 × 106/kg
	ORR: 93%, CR: 67%
	ZUMA-2 [4]

	Idecabtagene vicleucel
	Abecma
	CD3ζ and 4-1BB
	BCMA
	Mar 26, 2021
	Multiple myeloma
	FluCyb
	150 × 106
	ORR: 50%, CR: 25%
	KarMMa [5]

	300 × 106
	ORR: 69%, CR: 29%

	450 × 106
	ORR: 82%, CR: 39%

	Lisocabtagene maraleucel
	Breyanzi
	CD3ζ and 4-1BB
	CD19
	Feb 5, 2021
	Large B-cell Lymphoma
	FluCyb
	50 × 106
	ORR:68%,
CR:60%
	TRANSCEND NHL 001 [6]

	100 × 106
	ORR:74%,
CR:52%

	150 × 106
	ORR:73%,
CR:51%

	Tisagenlecleucel
	Kymriah
	CD3ζ and 4-1BB
	CD19
	Aug 30, 2017
	Acute Lymphoblastic Leukemia
	FluCyc
OR
CYVEe
	Median:
3.1 × 106/kg
Range:
0.2 × 106–5.4 × 106/kg
	Overall remission rate***: 81%.
CR: 60%
	ELIANA [7]

	May 1, 2018
	Large B-Cell Lymphoma
	FluCyd
OR
Bendamustine (90 mg/m2 IV × 2 days)
	Median:
3.0 × 108
Range:
0.1 × 108–6.0 × 108
	ORR: 52%;
CR: 40%
	JULIET [8]


ORR Objective response rate, CR Complete response, Mo Months, IV Intravenous infusion, Kg Kilogram of Body Weight, FluCy Fludarabine and Cyclophosphamide, CYVE Cytarabine and Etoposide
* all diseases are relapsed or refractory
** all doses are single intravenous infusions on day 0
*** defined as the rate of a best overall response of either complete remission or complete remission with incomplete hematologic recovery within 3 months
a Fludarabine (30 mg/m2) and Cyclophosphamide (500 mg/m2) IV on days −5, −4, and − 3
b Fludarabine (30 mg/m2) and Cyclophosphamide (300 mg/m2) IV on days − 5, − 4, and − 3
C Fludarabine (30 mg/m2 IV × 4 days) and Cyclophosphamide (300 mg/m2 IV × 2 days)
d Fludarabine (25 mg/m2) and Cyclophosphamide (250 mg/m2) IV on days − 5, − 4, and − 3
e Cytarabine (500 mg/m2 IV × 2 days) and Etoposide (150 mg/m2 IV × 3 days)
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Fig. 1Timeline of CAR T therapy FDA approvals


Main text
CAR structure
Optimal activation of naive T cells requires two signals, a primary signal via engagement of T cell receptor (TCR) with an antigen presented on major histocompatibility complex (MHC) and a co-stimulator signal through CD28. TCR consists of two highly variable chains, usually α and β chains for the αβ T cells or γ and δ chains in a minority of T cells. These two chains form the antigen recognition and binding site and have very short cytoplasmic tails. In addition, TCR associates with six CD3 adaptors (CD3εγ, CD3εδ and CD3ζζ) composed of four CD3 adaptor proteins, CD3δ, CD3γ, CD3ε and CD3ζ, to form an octameric complex. The CD3 adaptor intracellular domains contain immunoreceptor tyrosine-based activation motifs (ITAM) to transmit the primary signal during TCR engagement. The primary signal from the TCR-CD3 complex together with a co-signal from engagement of CD28 with B7.1 (CD80) or B7.2 (CD86) activates T cells.
CAR is a synthetic cell surface receptor that usually binds to a target cell surface antigen independent of MHC and redirects cytotoxic immune cells to target cells expressing that antigen. Its main function is to replace the TCR-CD3 complex and transmit the primary signal for T cell activation, as seen in the first-generation CAR, or replace both the primary signal from the TCR-CD3 complex and co-stimulatory signal from CD28 as seen in the second and third generation of CAR (Fig. 2) [9].[image: ]
Fig. 2CAR structure for CAR T, CAR NK and CAR macrophage. CARs for CAR T, CAR NK and CAR macrophage have similar structures: the extracellular domain including the antigen binding domain and a spacer which is involved in engagement of target cells; transmembrane domain which docks CAR to immune cells and is also involved in other functions of CAR, such as stability and interaction with other membrane proteins; and the intracellular signaling domain which is involved in signaling transduction and activation of immune cells. For the target binding domain, in addition to scFv, native protein/peptide, cytokine and camelid nanobody have also been used. For the intracellular domain, in addition to the function to activate immune cells, other domains to regulate TME have also been used. Three generations of CAR structure are mainly determined by the difference of the intracellular domains. The first-generation CAR contains a single CD3ζ signaling domain. It has limited activities in CAR T cells as T cell activation requires a primary signal from T cell receptor complex with CD3 and a co-stimulatory signal from CD28. However, this generation of CAR has been used in CAR NK and CAR macrophage as a co-stimulatory signal is not required. The difference of the second- and third-generation CAR over the first-generation one is the addition of one and two co-stimulatory signaling domains. In the FDA-approved CAR T cells, these co-stimulatory domains are usually CD28 or 4-1BB. In CAR NK and CAR macrophage, their specific or other ITAM-containing domains are used for the intracellular signaling domain. (This figure was created at BioRender.com.)


CAR is usually composed of four domains: extracellular antigen binding domain, spacer or hinge region, transmembrane domain and intracellular signaling domain. The antigen-binding domain is usually composed of the variable regions of antibody heavy (VH) and light (VL) chains connected via a flexible linker to form a single-chain fragment variable (scFv) and determines the binding specificity. Occasionally, instead of scFv, a native protein or peptide is used that can bind to its receptor on target cells. Unlike a TCR which recognizes an antigen presented via MHC, scFv recognizes and binds to cell surface epitope and determines the target specificity.
The hinge region is the spacer region that exposes the antigen-binding domain on CAR T cell surface for binding to target antigens. The hinge region commonly used in clinic is usually derived from CD8, CD28 or IgG. The length of the hinge region is empirically determined by the location of target antigens, with a longer hinge needed for antigens proximal to cell membrane and a shorter one for antigens exposed on cell surface.
The major function of the transmembrane domain is to dock CAR in the immune cell membrane. Some studies, however, show that this region can affect CAR expression, stability, dimerization and signal transduction [10, 11].
The intracellular signaling domain has been extensively studied in CAR engineering in order to generate CAR immune cells with the most active anti-tumor immunity. Upon engagement of CAR, it transduces signals to activate immune cells to attack target cells. The first-generation CAR T cells contain a CD3ζ signaling domain. As optimal T cell priming and activation requires both signals from TCR-CD3 and CD28 signaling pathways, it is not surprising that the first-generation CAR T cell therapy has limited efficacy and persistence after adoptive transfer [12, 13]. To improve the anticancer activity, a second-generation CAR T cell was designed which contains one co-stimulatory domain in addition to the CD3ζ signaling domain. Two of the most commonly used signaling domains are CD28 and 4-1BB (CD137) intracellular domains. The CD28 domain is used by the FDA-approved axicabtagene ciloleucel and brexucabtagene autoleucel, both targeting CD19. The 4-1BB signaling domain is used by the approved CD19-targeting lisocabtagene maraleucel and tisagenlecleucel, and by idecabtagene vicleucel which targets B cell maturation antigen (BCMA). Other intracellular co-stimulatory domains, such as OX40 [14], CD27 [15] and inducible T cell co-stimulator (ICOS) [16], have also been tested in pre-clinical studies with comparable efficacy as the CD28 and 4-1BB domains. Some of these co-stimulatory domains might have better beneficial effects on CAR T cells as one study showed CD27 co-stimulation augmented better in vivo persistence of CAR T cells than CD28 domain [17]. Their activity in CAR T cells has yet to be validated in large clinical trials.
It has been found that the intracellular CD28 and 4-1BB domains have different effects on CAR T cell differentiation and metabolism [18, 19]. A combination of 4-1BB and CD3ζ induces the central memory T cell differentiation and persistence, increases mitochondrial biogenesis, enhances fatty acid oxidation and oxidative metabolism. On the other hand, the CD28 and CD3ζ combination induces effect memory cell differentiation and glycolysis. To take advantage of different properties of co-stimulatory domains and potentiate CAR T cell efficacy, a third generation CAR T therapy is designed which juxtaposes two co-stimulatory domains in addition to CD3ζ. Combination of CD28 and 4-1BB can rescue CAR T cells with low affinity to target antigen, enhance proliferative capacity, augment central memory differentiation and improve in vivo antitumor activity [20]. When a library of CAR constructs containing variable numbers of costimulatory domains were tested, it was found that CAR T cells containing two costimulatory domains, DAP10 and CD27, achieved the best antitumor activities in vivo [21].
In addition to the basic structure of CAR, recent developments in bioengineering make it possible to further arm CAR immune cells with additional features to enhance its anticancer efficacy or to minimize its toxicity [22]. For example, chemokine receptors can be expressed on CAR T cells to facilitate chemotaxis and infiltration into tumor microenvironment; proinflammatory cytokines can be expressed to overcome immunosuppressive TME; inhibitory receptors can be knocked out to prevent CAR T cell exhaustion; dual CAR T cells can be generated to target two antigens and overcome antigen escape; and suicidal or inhibitory genes can be incorporated to prevent or minimize toxicity including on-target, off-tumor effects and cytokine release syndrome.
Current status of CAR T cell therapies
So far, five CAR T cells have been approved by the FDA. All five target B cell surface markers, four targeting CD19 and one targeting B cell maturation antigen (BCMA) (Table 1 and Fig. 1). All five have been approved for the treatment of relapsed or refractory hematological malignancies: lymphomas and leukemias of B cell origin and multiple myeloma.
The first FDA-approved CAR T therapy is tisagenlecleucel (Kymriah™), based on a multicenter study of 75 pediatric and young adult patients with relapsed or refractory B cell precursor acute lymphoblastic leukemia (ALL) [23]. Within 3 months, it has an overall remission rate of 81% with 60% complete remission (CR) and 21% CR with incomplete hematologic recovery (CRi) [7]. Fifty five out of 75 patients (73%) had a grade 3 or 4 tisagenlecleucel-related adverse event. Grade 3 and 4 cytokine release syndrome (CRS) occurred in 21 and 25% of patients, respectively, with 35 of 75 patients (47%) being admitted to the intensive care unit (ICU) for its management. Based on this trial, CAR T therapy was approved by the FDA on August 30, 2017 for the treatment of patients ≤25 years of age with B cell precursor ALL that is refractory or in second or later relapse. Tisagenlecleucel was latter approved on May 1, 2018, for relapsed or refractory large B-cell lymphoma, including diffuse large B-cell lymphoma (DLBCL), high-grade B-cell lymphoma and DLBCL arising from follicular lymphoma, after two or more lines of systemic therapy based on a multicenter JULIET trial [8]. Of the 92 evaluable patients, the best overall response rate is 52% with 40% CR and 12% partial response (PR). Sixty three percent developed Grade 3 or 4 adverse events suspected to be related to tisagenlecleucel.
Axicabtagene ciloleucel (Yescarta™) became the second FDA approved CAR T therapy on October 18, 2017 for large B cell lymphoma, including DLBCL, primary mediastinal large B-cell lymphoma, high-grade B-cell lymphoma and DLBCL arising from follicular lymphoma, after at least two lines of systemic treatment. A multicenter ZUMA-1 trial with 101 patients showed an 82% objective response rate (54% CR) and 52% overall survival rate at 18 months [2]. Grade 3 or higher CRS occurred in about 13% of patients. On March 5, 2021, axicabtagene ciloleucel was also approved for relapsed or refractory follicular lymphoma after two or more lines of systemic therapy based on a single-arm, open-label ZUMA-5 trial. Response was achieved in 91% of patients and Grade 3 or higher CRS occurred in about 8% of patients. With a median follow-up of 14.5 months, 74% remained continued remission at 18 months [24].
The third CD-19-targeting CAR T therapy, Brexucabtagene autoleucel (Tecartus™), was approved for relapsed or refractory mantle cell lymphoma by the FDA on July 24, 2020 based on a single-arm, open-label ZUMA-2 trial [4]. In this multicenter Phase II trial with 74 patients enrolled, Brexucabtagene autoleucel was manufactured for 71 patients and administered to 68. The overall response rate was 93% with 67% CR. At 12 months, the overall survival was 83%. Grade 3 or higher CRS occurred in about 15% of patients.
Lisocabtagene maraleucel (Breyanzi™) is the most recently approved CD19-targeting CAR T therapy against relapsed or refractory large B-cell lymphoma, after two or more lines of systemic therapy, including DLBCL not otherwise specified (including DLBCL arising from indolent lymphoma), high-grade B-cell lymphoma, primary mediastinal large B-cell lymphoma, and follicular lymphoma grade 3B [6]. In this multicenter TRANSCEND trial with 192 evaluable patients, the objective response rate was 73% (68, 74 and 73% for 50 × 106, 100 × 106 and 150 × 106 dosing regimen, respectively) with 53% CR (60, 52 and 51% for 50 × 106, 100 × 106 and 150 × 106 dosing regimen, respectively) and the median duration of response was 17 months. Grade 3 or higher CRS occurred in about 2% of patients.
Idecabtagene vicleucel (Abecma®) is the only FDA-approved CAR T therapy not targeting CD19 [5]. It targets BCMA on multiple myeloma (MM) cells and was approved by the FDA on March 26, 2021 for relapsed or refractory MM after four or more lines of systemic therapy, including an immunomodulatory agent, a proteasome inhibitor, and an anti-CD38 monoclonal antibody based on the KarMMa study. Of 128 patients who received treatment, the overall response rate was 73% (50, 69 and 82% for 150 × 106, 300 × 106 and 450 × 106 dosing regimen, respectively) with 33% CR (25, 29 and 39% for 150 × 106, 300 × 106 and 450 × 106 dosing regimen, respectively). Grade 3 or higher CRS occurred in about 2% of patients.
So far, over 700 clinical trials have been registered across a wide range of malignancies. In addition, CAR T cell therapy is being explored for other diseases, such as autoimmune disease and viral infections [25].
Limitations of CAR T cells in cancer immunotherapy
Many factors contribute to the failure of CAR T cell therapy, such as patient disease progression, insufficient harvest of T cells, delay in CAR cell manufacturing, low CAR cell production, intrinsic T cell defect and so on. The following is a list of factors associated with CAR T cells and treatment.
Antigen selection
Even though great success has been achieved with CAR T therapy, some of the limitations are clearly observed. So far, all the FDA-approved CAR therapies target B lineage markers. It is multifactorial why CAR T therapy in solid tumors lags behind hematological malignancies. Lack of cancer-specific targets is one of the major hurdles. Even though B cell aplasia occurs with CD19-targeting CAR T therapy, intravenous immunoglobin supplement can easily compensate most of B cell functions. There are few such specific antigens existing in solid tumors that do not affect normal functions. Clinical trials with CAR T cells targeting tumor-associated antigens in solid tumors, such as melanoma antigen recognized by T cells 1 (MART1) and glycoprotein 100 (gp100), showed that on-target off-tumor side effects do occur and sometimes cannot be easily reversed [26]. This toxicity can occur in the absence of or with minimal anti-tumor activity [27] and can lead to fatalities even when targeting cancer testes antigens which are considered not to be expressed in healthy adult tissue [28].
Inefficiency of CAR T cell trafficking and infiltration into tumors
CAR T cell trafficking and infiltration into tumor sites is the next major hurdle to overcome after intravenous administration. Abnormal vasculature with aberrant expression of adhesion molecules decreases CAR T cell attachment, migration and infiltration into tumor sites; dense extracellular matrix, including cancer-associated fibroblast (CAFs), creates a physical barrier for CAR T cells to enter tumor sites; and dysregulated cytokine expression preferentially attracts suppressive immune cells. Various strategies have been explored to increase T cell infiltration into tumors. CAR T therapy has been combined with another CAR T therapy targeting CAFs [29] or arming CAR T cells with a cytokine receptor binding to a cytokine upregulated in tumors [30]. However, these strategies sometimes come with a price as these targets normally exist in the host. One pre-clinical study showed that CAR T cells targeting CAFs recognize multipotent bone marrow stromal cells, which lead to cachexia and lethality in mice [31], cautioning against the use of this strategy in human patients.
Hostile tumor microenvironment
Upon entrance into TME, immunosuppressive milieu inhibits CAR T cell function. This is especially true in some cancers, such as pancreatic cancer [32], where both cellular and matric components create hostile microenvironment for cancer immunotherapy. Cellular components like tumor-associated macrophages (TAMs), regulatory T (Treg) cells, myeloid-derived suppressor cells (MDSCs) and tumor-associated fibroblasts (TAFs) can directly suppress CAR T function, contribute to immunosuppressive cytokines and metabolic microenvironment to dampen the CAR T cell function. Vascular endothelial growth factor (VEGF) plays a critical role in neovascularization of tumors. Recently it was found VEGF can affect almost every aspect of the immune system [33], leading to suppression of anticancer immunity. In addition, transforming growth factor beta (TGF-β), IL-4, IL-10 and many others also contribute to T cell dysfunction and promote infiltration of suppressive immune cells [34]. Many strategies exist and have been used to boost CAR T therapy at TME, such as combining CAR T therapy with ICIs or other immunostimulatory therapies, engineering CAR T cells to be insensitive to immunosuppressive cytokines.
Antigen escape
Once CAR T cells exert the anticancer activity, antigen loss and downregulation are important mechanisms of treatment failure. Despite high initial response rates, 7–25% of patients treated with CAR T therapy targeting CD19 relapse with malignancies which had diminished CD19 expression [35]. CAR T construct targeting two different antigens or sequential CAR T therapies are actively being pursued to minimize antigen escape and downregulation.
Insufficiency of CAR T cell expansion and persistence
In addition to target antigen escape, CAR T cell expansion and persistence in vivo are considered critical for long-term remission, especially for those malignancies that require prolonged therapy, such as ALL. It may be less critical for other malignancies, such as non-Hodgkin’s lymphoma which short intensive chemotherapy without consolidation and maintenance therapy suffices to induce remission. In the latter case, complete remission persists in spite of undetectable CAR T cells and recovery of B cells after anti-CD19 CAR T therapy [36].
Lack of CAR T cell persistence could be related to host anti-transgene immune response to CAR T cells. In this case, fludarabine-based lymphodepletion condition therapy can diminish anti-transgene immune response, improve CAR T cell expansion and persistence and enhance the efficacy of CAR T cells [37].
More commonly, lack of CAR T cell expansion and persistence are secondary to factors directly related to CAR T cells [38, 39]. Various strategies have been designed and studied to enhance CAR T cell expansion and persistence: CAR T construct, parental T cell selection, T cell culture condition, pharmacological manipulation, modification of CAR T gene expression and metabolism, reversion of T cell exhaustion, promotion of memory phenotype development and so on (reviewed at [38]). Regarding CAR T structure, most CAR T cell products being tested in clinic and approved by the FDA contain CD3ζ plus one co-stimulatory domain, usually CD28 or 4-1BB. Pre-clinical studies and some clinical observations suggest that co-stimulatory domains can affect CAR T cell phenotype and persistence in vivo with longer duration observed with 4-1BB domain, 168 days versus around 30 days with CD28-based CAR T cells [7, 18, 40–43].
Ex vivo culture, activation and expansion not only primes T cells for transduction of CAR transgenes, expands to generate sufficient CAR T cells for clinical application, but also are critical for maintaining CAR T function and persistence after infusion. Ex vivo culture that leads to T cell terminal differentiation with the predisposition toward activation-induced cell death (AICD) and exhaustion can affect in vivo expansion and persistence. Optimization of the culture condition can improve the development of memory CAR T cells and in vivo expansion and persistence [44–46].
After administration, CAR T cells may become exhausted and susceptible to AICD after repetitive antigen stimulation [47, 48]. On the other hand, contraction can occur after target malignant cells are eliminated and antigen levels are insufficient to stimulate and maintain the CAR T cell pool.
Systemic toxicity
CAR T cell therapy has a high response rate, especially in those resistant and refractory disease, but is also associated with a high side effect rate [49]. Systemic cytokine toxicities occur during the acute phase when CAR T cells are activated and release cytokines as a physiological reaction to CAR engagement. Severe and even lethal effects are observed with all active CAR T therapies [7, 50, 51]. For most patients, it manifests CRS associated with fever, hypotension, hypoxia and multiorgan failure associated with high levels of inflammatory cytokines. Some patients can also develop immune effector cell-associated neurotoxicity syndrome (ICANS) [52]. ICANS has distinct neurological manifestation secondary to increased cerebrospinal fluid cytokine level and disrupted blood-brain barrier, and is manifested as aphasia, altered mental status, tremor, seizure and headache [52]. Various approaches have been adopted with some already translated into clinical applications. Corticosteroids and anti-interleukin-6 (IL-6) antibody, siltuximab, are the most commonly used pharmacological intervention [53]. Several other approaches are being actively explored to control or ameliorate systemic cytokine toxicities, such as tailoring CAR T cell dose based on tumor burden, modification of CAR T construct, incorporation of off switches or suicidal genes in CAR T cells [9].
Occasionally Hemophagocytic Lymphohistiocytosis (HLH)/Macrophage Activation Syndrome (MAS) can occur after CAR T cell therapy. Based on a multi-center survey, approximately 3.5% (7/201 cases) patients treated with CAR T cell therapy develop HLH/MAS [54]. The main clinical manifestations include fever, hepatosplenomegaly, abnormal liver function, cytopenia, high ferritin level, hypertriglyceridemia and hypofibrinogenemia. Sometimes, the manifestations are similar to CRS. Several criteria have been used to diagnose HLH/MAS [54] with the HLH2004 the most commonly used at clinic [55]. Corticosteroid-based immunosuppressive therapy is the mainstay of therapy, but still with high mortality.
Special consideration of CAR T cell therapy in solid tumors
Currently over 70% of CAR T cell clinical trials focus on hematological malignancies and over 40% on CD19 while less than 30% on solid tumors [56]. CAR T therapy in solid tumors encounters all the challenges as described above. Special considerations need to be taken when designing CAR T therapy in solid tumors.
First, target antigen selection is critical. A list of target antigens and some of the example clinical trials can be found in previous reviews and are expanding [57–59]. In CAR T therapy, the ideal target antigens are those tumor-specific antigens only expressed on malignant cells. In reality, except cancer neoantigens and possibly the epidermal growth factor receptor variant III (EGFRvIII) [60], almost all other antigens used in CAR T therapy in solid tumors are shared by normal cells. The major advantages of targeting non-cancer-specific antigens in hematological malignancies are: 1) existence of salvage remedy in case normal cells are destroyed, as seen with immunoglobin supplement with CAR T therapy targeting B cells markers (CD19 and BCMA); and 2) fast cell turnover with generation of new cells to replenish. Hence, on-target, off-tumor side effects in hematological malignancies are usually manageable. In contrast, targeting tumor-associated antigens (TAAs) in solid tumors are commonly associated with more significant side effects as it is often difficult to remedy off-tumor damage to normal cells in solid organs.
Several strategies have been designed to address lack of tumor-specific antigens in solid tumors as well as in hematological diseases. One is to split the primary and co-stimulatory signaling domains into two different CARs. Hence, these split-and CAR T cells are not robustly activated unless target cells express both target antigens [61]. A similar split-and approach is synthetic Notch (synNotch) receptor system in which binding of the first target antigen triggers the expression of CAR which can be activated by and kill cells expressing the second target in the vicinity [62]. Another approach is called the and-not approach as seen in the split, universal, and programmable (SUPRA) CAR system in which CAR can engage an TAA and activate CAR T cells, but existence of a second antigen, usually an antigen expressed on normal cells, can compete away the CAR-TAA engagement and prevent CAR T cell activation [63]. Several other approaches have also been explored, such as fine-tuning CAR affinity to achieve CAR T cell activation by cancer cells with overexpression of target antigen, but not normal cells with low antigen expression [64, 65], targeting aberrant glycosylation in cancer cells [66, 67], and using T cell receptors targeting cancer neoantigen [68].
Antigen heterogeneity is also a critical factor to consider in CAR T therapy in solid tumors. Among the FDA-approved CAR T therapies, the target antigens, CD19 and BCMA, are developmental biomarkers expressed in the stem cells that malignant cells are developed from. In solid tumors, such developmental antigens/biomarkers are shared with normal cells, and, hence, targeting these antigens can cause severe on-target, off-tumor toxicity. For non-developmental biomarkers, heterogeneous expression is commonly seen among cancer cells. To overcome target antigen heterogeneity, bi- or multi-specific CAR has been proposed in which one CAR can recognize more than one target antigen [69, 70]. Another approach is to introduce several CARs, each targeting a different antigen, into the same T cell [71]. In both approaches, on-target, off-tumor toxicity is a major concern as very few tumor-specific antigens exist.
CAR T cell infiltration into tumors and retention of cytotoxicity are major hurdles in solid tumors. These two hurdles are less issues in the case of leukemia where CAR T cells come to direct contact with target cells, or lymphoma where lymphocytes normally traffic and mount immune response in lymphoid organs. Several approaches are being explored to enhance CAR T cell activity in solid tumors [1, 72, 73]. One approach is to enhance CAR T function and arm these cells with addition molecules to augment the anti-tumor activity. For example, arming CAR T cells with a chemokine receptor enhances T cell infiltration into tumors with upregulation of the target chemokine [30, 74]. TGF-β is a major negative regulator of anticancer immunity at TME. Knockout of the TGF-β in CAR T cells enhances their anticancer activity [75]. However, a more common approach is to combine CAR T cells with another agent(s) to overcome hurdles and increase the efficacy as reviewed [72, 76]. A pharmacological-based ranking of anti-cancer drugs have been proposed that can potentially guide the development of immunotherapy combination [77].
CAR NK cells to address unmet needs associated with CAR T therapy
NK cells are a group of cytotoxic lymphocytes of the innate immune system that can mount a rapid response to non-self cells. Unlike T cells that recognize antigens presented on MHC, NK cells can directly recognize target cells in the absence of MHC. In fact, MHC engages the killer cell immunoglobulin-like receptors (KIR) on NK cells and suppresses NK cell function. Furthermore, unlike engagement and activation of CAR T cells which can release inflammatory cytokine and lead to CRS and neurotoxicity, NK cells have different cytokine profiles. Hence, NK cells are currently being actively explored as an alternative approach for adoptive cell therapy (Table 2).Table 2Comparison of CAR T, NK and macrophages


	Parameter
	CAR T CELLS
	CAR NK CELLS
	CAR MACROPHAGES

	Intracellular signaling domain
	CD3ζ plus a costimulatory domain, CD28, 4-1BB and others
	Similar to CAR T structure, but can use NK-specific signaling domains, such as 2B4, DAP10, DAP12.
	Similar to CAR T structure, but can use other ITAM-containing signaling domains. Other ligands can be used not to activate phagocytosis, but to modify tumor microenvironment

	Cell source
	Autologous or MHC-matched allogeneic
	Autologous, non-MHC-matched allogeneic or NK cell lines
	Autologous. Preclinical studies use iPSCs and cell lines

	Off-the-shelf ready-to-use CAR product
	Unlikely. Usually autologous. Maybe MHC-matched allogeneic CAR T cells
	Yes with NK cell lines. Possibly yes with allogeneic NK cells, but poor recovery with cryopreserve
	Theoretically yes with macrophage cell lines. No clinical data.

	In vitro expansion
	Yes
	Yes for autologous NK cells. Cell like can be pre-expanded before transducing.
	Yes for autologous macrophages. iPSC and cell lines can be pre-expanded before transducing.

	Cytotoxicity mechanisms
	CAR-dependent cell killing
	Both CAR-dependent and CAR-independent NK-mediated cell kiling
	CAR-dependent macrophage-mediated phagocytosis; macrophage-mediated immunostimulatory TIME; macrophage-mediated alteration of tumor microenvironment; macrophages as antigen-presenting cells to stimulate immune response

	Cytokine release syndrome and neurotoxicity
	Common and often serious
	Less common and serious
	No clinical data. But expected to be common

	Infiltration into tumors
	Usually poor
	Usually poor
	Usually abundant

	Clinical experience/trial
	Proven efficacy. Five CAR T therapies approved by the FDA
	Limited. No approved therapy. At least one trial has been published with superior safety profile
	Very limited clinical experience. One CAR macrophage trial is ongoing.




One major advantage of CAR NK cells over CAR T cells is the source of immune cells. Due to alloreactivity and graft-versus-host disease (GVHD), CAR T therapy requires the use of autologous T cells. As these patients are usually heavily treated prior to CAR T therapy, many of them have low T cell counts at peripheral blood. Hence, harvest of sufficient autologous T cells can significantly delay the treatment, and sometimes it is not possible to harvest sufficient cells for CAR T manufacturing. In one study, 22.5% (16/71) patients had below the target autologous lymphapheresis of CD3+ T cells for the production of CAR T cells [78]. The lengthy and cumbersome process of CAR T manufacturing makes many more patients either ineligible for the treatment or have disease progression after enrolled into the treatment process. For example, in the Phase I trial of tisagenlecleucel in ALL that led to the FDA approval, of 83 patients enrolled in the trial only 54 patients received CAR T cell infusion, nine patients had progressive disease or death before treatment and 15 patients received other treatment [51]. As NK cells are not activated through the MHC pathway and have reduced risk for alloreactivity, autologous NK cells are not required for CAR NK cell manufacturing. It can use an existing NK92 cell line, umbilical cord blood and induced pluripotent stem cells (iPSCs). In fact, five clinical trials use NK-92 cell lines in human patients. In one trial using HLA-mismatched CAR NK therapy developed from cord blood, none of the 11 patients developed GVHD [79]. Hence, one major advantage of CAR NK therapy is that an “off-the-shelf” ready-to-use CAR NK cells can be manufactured through mass production and infused to patients at any time.
The second major advantage of CAR NK therapy over CAR T therapy is CRS and neurotoxicity. CAR T cell activation leads to massive release of inflammatory cytokines which cause CRS and neurotoxicity. In the Phase I trial with tisagenlecleucel in ALL, 85% (45/53) developed CRS with Grade 3 or higher toxicity occurring in 26% (14/53) of patients and 41.5% patients developed Grade 3 or higher neurotoxicity [51]. Similar toxicities are also observed with other CAR T therapies [2, 4]. Of the 11 patients treated with HLA-mismatched anti-CD19 CAR-NK cells derived from cord blood, none developed CRS or neurotoxicity [79]. The difference of these two toxicities between CAR T and NK cells may be secondary to difference in cytokines released upon cell activation. CAR T cell activation leads to release of inflammatory cytokines, such as tumor necrosis factor alpha, IL-1β, IL-2 and IL-6 among others [52], while patients receiving CAR NK therapy do not have increase of such inflammatory cytokines [79]. CAR NK cells release different profiles of cytokines, such as Granulocyte-macrophage colony-stimulating factor (GM-CSF) [80].
Third, NK cells have multiple mechanisms to target and eliminate cancer cells in addition to the CAR pathway (Fig. 2). NK cells are the key mediators of antibody-dependent cell-mediated cytotoxicity through CD16 expressed on NK cells that can recognize the Fc portion of IgG bound on tumor cells and kill cancer cells. Furthermore, NK cells can be activated to kill cancer cells through engagement and/or disengagement of the activating and inhibitory killer Ig-like receptors (KIRs) on cell surface. The activating and inhibitory KIRs transduce their signals through ITAMs (immunoreceptor tyrosine-based activation motif) and ITIMs (immunoreceptor tyrosine-based inhibition motif), respectively. Cells in stress and cancer cells downregulate MHC class I expression and disengage the inhibitory KIRs, or upregulate stress-induced molecules, such MICA/MICB (MHC class I chain-related protein A/B), to engage activating KIRs that tilts the activation of NK cells to kill target cells [81, 82] Fig. 3.[image: ]
Fig. 3Harnessing NK cells for cancer immunotherapy. Several approaches are currently being actively pursued to exploit NK cells for cancer immunotherapy. A CAR NK cells. In CAR NK cells, artificial cell surface receptor on NK cells specifically recognizes tumor antigens on target/cancer cells and CAR NK cells destroy those cells. CAR can use the same CAR construct as used in CAR T cells with CD3ζ intracellular domain, or NK-specific activating domains, such as 2B4, DAP10 and DAP12. B Blockage of negative regulators on NK cells. The activity of NK cells is tightly regulated by both activating and inhibiting signaling pathways. The human killer cell immunoglobulin-like receptors (KIR; also known as CD158) are key negative regulators of NK cells. Engagement of KIR by MHC-I molecules on normal nucleated cells inhibits NK cell activity and induces “self” tolerance. Blockage of KIR activates NK cells to kill target cells. C Antibody-dependent cell-mediated cytotoxicity (ADCC). Antibody binds to its cognate antigen on target/cancer cells. Then the Fc region of the antibody is recognized by the Fc receptor, CD16, on NK cells which subsequently kills target/cancer cells coated with antibody. D Bi- and tri-specific killer engagers (BiKEs and TriKEs). Similar to ADCC, BiKEs and TriKEs bridge NK cells to target/cancer cells for cell killing. While the Fc portion of an antibody binds to the Fc receptor to mediate cell killing at ADCC, BiKEs and TriKEs contain a single variable portion (VH and VL) of antibody to engage the Fc receptor (CD16) on NK cells and another (for BiKE) or two other (for TriKE) variable portions of antibodies to bind to the antigen(s) on target/cancer cells. This figure was created at BioRender.com


Fourth, NK cells have limited lifespan. The average lifespan of NK cells is approximately 2 weeks [83]. This means that, in case of on-target off-tumor toxicity occurs, it can self-limit with the disappearance of CAR NK cells. This however, also creates a double-edge sword that repeated infusion of CAR NK cells may be needed for prolonged remission.
Comparison of CAR constructs
So far, most CARs used for CAR NK cell studies use the same CAR constructs as used in CAR T cells with the same intracellular domains of CD3ζ as in the first-generation CAR T cells [84], or CD3ζ plus a co-stimulatory domain 4-1BB as used in the second-generation CAR T cells [85] (Fig. 1). Addition of a 4-1BB co-stimulatory domain significantly improves NK cell activation, cytotoxicity and production of cytokines, such as interferon-γ and granulocyte-macrophage colony-stimulating factor.
As NK cells have their own intertwined activating and inhibitory receptors to control NK cell activation and cytotoxicity, it is proposed that using NK-specific intracellular signaling domains, such as the adapter molecule DAP10 or ITAM-containing signaling domains, such as DAP12 and 2B4, may improve cytotoxicity. 2B4 belongs to the signaling lymphocytic activation molecule (SLAM) family receptor and transduces activation signal through SLAM-associated protein (SAP) in NK cells [86]. Engagement of 2B4 with CD48 on target cells induces NK cell activation with increased cytotoxicity and interferon-gamma production. Compared to CAR NK cells containing 4-1BB-CD3ζ, CAR NK cells containing 2B4- CD3ζ have improved cytotoxicity, interferon gamma production and in vivo anti-tumor efficacy [87].
To further optimize the construct of CAR for NK cells, Li et al. compared one CAR T cell construct with nine different CAR NK cells containing four different transmembrane domains and different intracellular signaling domains targeting the same mesothelin antigen [88]. CAR NK cells containing the NKG2D transmembrane domain, 2B4 co-stimulatory domain and CD3ζ signaling domain exhibit strong antigen-specific cytotoxicity. CAR NK cells developed from human iPSC carrying this construct have a typical NK cell phenotype, exert significant anti-tumor activity and have prolonged survival in vivo.
Current status of CAR NK cell therapy
So far, at least 24 clinical trials with CAR NK cells have been planned or are ongoing. The malignancies, target antigens and clinical trial information are shown at Table 3 and Supplement Information 1. All these clinical trials are at the Phase I/II trial stage.Table 3Clinical trials with CAR NK cells


	#
	Clinical Trial identifier
	Status
	Clinical trial phase
	Disease
	Antigen
	Interventions
	Dosage
	starting time

	1
	NCT03692663
	Not yet recruiting
	Early Phase 1
	Castration-resistant Prostate Cancer
	PSMA
	anti-PSMA CAR NK cells
	0.5-3 × 10^6/kg
	Dec-18

	2
	NCT03690310
	Not yet recruiting
	Early Phase 1
	Refractory B-Cell Lymphoma
	CD19
	Anti-CD19 CAR NK Cells
	50-600 × 10^3/kg
	Mar-19

	3
	NCT03692767
	Not yet recruiting
	Early Phase 1
	Refractory B-Cell Lymphoma
	CD22
	Anti-CD22 CAR NK Cells
	50-600 × 10^3/kg
	Mar-19

	4
	NCT03692637
	Not yet recruiting
	Early Phase 1
	Epithelial Ovarian Cancer
	Mesothelin
	anti-Mesothelin Car NK Cells
	0.5-3 × 10^6/kg
	Mar-19

	5
	NCT04639739
	Not yet recruiting
	Early Phase 1
	NHL
	CD19
	anti-CD19 CAR NK
	2 × 10^6/kg, 6 × 10^6/kg, 2
	Dec-20

	6
	NCT04847466
	Not yet recruiting
	Phase 2
	Gastroesophageal Junction (GEJ) Cancers|Advanced HNSCC
	PD-L1
	PD-L1 t-haNK
	2 × 10^9
	Jul-21

	7
	NCT03056339
	Recruiting
	Phase 1/2
	B-Lymphoid Malignancies|Acute Lymphocytic Leukemia|Chronic
	CD19
	iC9/CAR.19/IL15-Transduced CB-
	1 × 10^5
	Jun-17

	8
	NCT03383978
	Recruiting
	Phase 1
	Glioblastoma
	HER2
	NK-92/5.28.z
	1 × 10^7-1 × 10^8
	Dec-17

	9
	NCT04887012
	Recruiting
	Early Phase 1
	B-cell Non Hodgkin Lymphoma
	CD19
	anti-CD19 CAR-NK
	unknown
	Mar-19

	10
	NCT03940833
	Recruiting
	Phase 1/2
	Multiple Myeloma
	BCMA
	BCMA CAR-NK 92 cells
	unknown
	May-19

	11
	NCT03940820
	Recruiting
	Phase 1/2
	Solid Tumor
	ROBO1
	ROBO1 CAR-NK cells
	unknown
	May-19

	12
	NCT03941457
	Recruiting
	Phase 1/2
	Pancreatic Cancer
	ROBO1
	BiCAR-NK cells (ROBO1 CAR-NK ce
	unknown
	May-19

	13
	NCT03931720
	Recruiting
	Phase 1/2
	Malignant Tumor
	ROBO1
	BiCAR-NK/T cells (ROBO1 CAR-NK
	unknown
	May-19

	14
	NCT04245722
	Recruiting
	Phase 1
	Lymphoma, B-Cell|Chronic Lymphocytic Leukemia
	CD19
	Drug: FT596|Drug: Cyclophospha
	unknown
	Mar-20

	15
	NCT04555811
	Recruiting
	Phase 1
	NHL|Non Hodgkin Lymphoma|Diffuse Large B Cell Lymphoma|Hig
	CD19
	Drug: FT596|Drug: Rituximab
	(Dose Level 1: 9 × 10^7 c
	Sep-20

	16
	NCT04623944
	Recruiting
	Phase 1
	Relapsed/Refractory AML|AML, Adult|MDS|Refractory Myelodys
	NKG2DL
	NKX101 - CAR NK cell therapy
	Part 1/Regimen A: 1 × 10
	Sep-20

	17
	NCT04747093
	Recruiting
	Phase 1/2
	B Cell Leukemia|B Cell Lymphoma|B-cell Acute Lymphoblastic Leu
	unknown
	CaR-ITNK cells
	unknown
	Jan-21

	18
	NCT04796675
	Recruiting
	Phase 1
	Acute Lymphocytic Leukemia|Chronic Lymphocytic Leukemia|No
	CD19
	CAR-NK-CD19 Cells
	0.01 × 10^7, 0.1 × 10^7, 1.
	Apr-21

	19
	NCT02742727
	Unknown status
	Phase 1/2
	Acute Myeloid Leukemia|Precursor T-Cell Lymphoblastic Leukemi
	CD7
	anti-CD7 CAR-pNK cells
	unknown
	Mar-16

	20
	NCT02839954
	Unknown status
	Phase 1/2
	Hepatocellular Carcinoma|Non-small Cell Lung Cancer|Pancreatic
	MUC1
	anti-MUC1 CAR-pNK cells
	unknown
	Jul-16

	21
	NCT02892695
	Unknown status
	Phase 1/2
	Acute Lymphocytic Leukemia|Chronic Lymphocytic Leukemia|Fol
	CD19
	anti-CD19 CAR-NK cells
	unknown
	Sep-16

	22
	NCT02944162
	Unknown status
	Phase 1/2
	Acute Myelogenous Leukemia|Acute Myeloid Leukemia|Acute
	MCD33
	anti-CD33 CAR-NK cells
	unknown
	Oct-16

	23
	NCT03415100
	Unknown status
	Phase 1
	Solid Tumours
	NKG2DL
	CAR-NK cells targeting NKG2D liga
	unknown
	Jan-18

	24
	NCT03824964
	Unknown status
	Early Phase 1
	Refractory B-Cell Lymphoma
	CD19/CD22
	Anti-CD19/CD22 CAR NK Cells
	50-600 × 10^3/kg
	Feb-19




Using “chimeric” and “NK” the key words, only one clinical trial has been identified at PubMed (Table 4). Liu et al. published a Phase I clinical trial with CAR NK cells targeting CD19-positive lymphoid tumors [79]. In this trial, a similar CAR structure as CAR T cells was used to establish CAR NK cells with anti-CD19 scFv as the antigen-binding extracellular domain and CD3ζ as the intracellular signaling domain. In addition, CAR NK cells express interleukin-15 to enhance the in vivo expansion of CAR NK cells, and rimiducid-inducible caspase-9 as a safety measure to trigger apoptosis of the CAR NK cells in the event of severe adverse events [89, 90]. Eleven patients with B-lymphoid malignancies were enrolled into the trial. These patients received a median of four lines of therapy prior to enrollment. CAR NK cells were generated from cord blood specimens with partially matched HLAs (the first 9 patients) or without consideration of HLA matching. None of the 11 patients developed CRS, neurotoxicity, hemophagocytic lymphohistiocytosis or graft-versus-host disease. No increase of inflammatory cytokines was observed in any of these patients. Eight out of 11 patients (73%) had an objective response, including 7 CRs (three with CLL and 4 with lymphoma) and one complete remission of high-grade lymphoma in a patient with Richter’s transformation from CLL. CAR NK cells could persist for at least 12 months.Table 4Summary of a Phase I CAR NK cell clinical trial targeting CD19


	NK source
	Target antigen
	CAR structure
	Additional structure
	Vector
	Total patients
	Diseases
	Major findings

	CAR structure
	Spacer
	TM domain
	Intracellular domain

	HLA-unmatched cord blood
	CD19
	Anti-CD19 scFV
	IgG1-CH2CH3 portion
	CD28
	CD3ζ
	IL-15, inducible caspase 9
	retroviral
	11
	CLL: 4; CLL with Richter’s transformation: 1; follicular lymphoma: 4; DLBCL: 2
	• No GVHD
• No cytokine releasing syndrome, neurotoxicity, hemophagocytic lymphohistiocytosis
• 8/11 complete response
• CAR NK cells persisted ≥12 months




Limitations associated with CAR NK cells
While the advantages of CAR NK cell therapy over CAR T cell therapy are obvious as discussed above, significant limitations also exist. Almost all the limitations associated with CAR T therapy also apply to CAR NK cells, from target antigen selection, antigen heterogeneity, CAR design, manufacturing to post-infusion challenges, such as NK cell migration into tumor sites, hostile tumor microenvironment. Active research is currently ongoing to improve CAR NK manufacturing and storage, especially for “off-the-shelf” CAR NK cells, optimize CAR NK structure to increase CAR NK infiltration into tumors and maintain cytotoxicity at the immunosuppressive TME, and minimize on-target, off-tumor toxicity. Furthermore, NK cell, have a short half-life (< 10 days) [83] which is a double-edge sword during CAR NK therapy. This confers an advantage in case severe toxicity occurs, but also creates a challenge that repeated administrations may be needed to achieve durable response. Reprogramming CAR NK cells with memory cell property and long-term survival in vivo for continuous immune surveillance and prevention of cancer recurrence is an area of active exploration now. In addition, similar to T cells, NK cells have both activating and inhibitory KIRs on cell surface. The universally expressed MHC molecules on nucleated cells can inhibit NK cell function.
CAR macrophage to address unmet needs associated with CAR T and CAR NK therapy
High success of CAR T therapy has already been achieved in hematological malignancies, but it has yet to come to fruition in solid tumors even with strong pre-clinical studies. Some obvious differences exist between hematological and solid malignancies. For example, rare target antigens exist in solid tumors as observed with CD19 in B cell malignancies. The dramatic difference may also be secondary to the underlying physiological differences between hematological and solid tumors. When the cancer immunity cycle is considered [91], CAR T cells bypass the first three steps of the cycle: cancer antigen release and presentation, T cell priming and activation. However, the efficacy of CAR T cells is still governed by the last four steps of anticancer immunity, i.e. T cell trafficking (Step 4) and infiltration (Step 5) into tumors, recognition (Step 6) and killing of cancer (Step 7). As discussed above, these four steps create tremendous hurdles for T cells. For example, many solid tumors are immune “cold” tumors which have very little immune cell infiltration into TME. Due to immunosuppressive TME, even in those cancers that have significant immune cell infiltration, immune cells are not able to eradicate cancer cells.
Even though there are several advantages associated with CAR NK cells over CAR T cells, most hurdles associated with CAR T cells are also applicable to CAR NK cells. NK cells are usually not a major immune cell population existing in TME. Arming CAR NK cells can address some of the hurdles. For example, arming CAR NK cells with IL-15 can significantly enhance the in vivo expansion and persistence of CAR NK cells, improve the anti-tumor activity and overall survival in mouse models [90]. Since there is only one Phase I clinical trial reported so far [79], it is not clear whether arming CAR NK cells with cytokines can be generalized to other malignancies. Once NK cells enter the tumor sites, the immunoinhibitory TME can suppress NK cell functions.
Due to the hurdles associated with CAR T and CAR NK cell therapies, recently CAR macrophages have emerged as an alternative therapy. CAR macrophages share many features and hurdles as CAR T cells, such as requirement of specific antigen, antigen escape and downregulation, and systemic cytokine toxicities. However, CAR macrophages possess unique advantages over CAR T cells on two other major hurdles in solid tumors: immune cell trafficking and infiltration into TME, and immunosuppressive TME (Table 2).
For immune cell trafficking and infiltration into TME, in contrast to poor infiltration of T cells, macrophages exist abundantly in many tumors. Fresh frozen tumor sections revealed that macrophages account for most of tumor-infiltrating cells in many cancer types, up to 50% as seen in melanoma, renal cell cancer and colorectal cancers [92]. Infiltration of macrophages at TME is secondary to many cytokines secreted at the tumor sites. Hypoxia induces tumor cells and stroma to produce cytokines, such as CCL2 (C–C motif chemokine ligand 2), CXCL12 (C-X-C Motif Chemokine Ligand 12), CSF1 (Colony Stimulating Factor 1) and VEGF to recruit macrophages. Once recruited into the hypoxic TME, the receptors for these soluble factors are downregulated which locks macrophages at TME [93]. Furthermore, macrophages can directly sense hypoxic condition and its metabolites, such as low pH, and migrate into TME.
Another feature at TME that posts a major hurdle for T cells, but less so for macrophage is immunosuppressive microenvironment. Because of this environment, T cells that infiltrate into tumor sites often develop exhaustion phenotypes and sometimes cannot be reversed with immune checkpoint inhibitors. This may not be the case for macrophage. Macrophages are broadly classified into two major groups, the classically activated proinflammatory M1 macrophages and alternatively activated anti-inflammatory M2 macrophages [94]. TAMs, especially M2 TAMs, are widely considered as one of the central immunosuppressive cell populations at TME [95]. Even though M2 macrophages suppress the function of other immune cells, they still possess the phagocytosis capacity. In fact, M2 macrophages have higher phagocytic capacity than M1 macrophages [96]. Furthermore, macrophages possess a higher degree of phenotype plasticity which allows them to respond to environmental stimuli and change the phenotype.
CAR structure in CAR macrophages
CAR in CAR macrophages has the same structure as that in CAR T cells with an extracellular antigen-binding domain, hinge region, transmembrane domain and intracellular domain (Fig. 1). They differ in the intracellular signaling domain. CAR macrophages can directly use the CD3ζ intracellular domain as used in CAR T cells which contains immunoreceptor tyrosine-based activation motifs (ITAMs) [97–99]. In CAR T cells, ITAMs are phosphorylated by Src family kinases upon CAR engagement, bind to tandem SH2 (tSH2) domains in the kinase ZAP70, and activate CAR T cells to exert cytocidal effects. Macrophages do not express ZAP70. They express another kinase Syk which contains tSH2 domains, can bind to CD3ζ and transduce phagocytic signals in macrophages [100].
In addition to CD3ζ, other ITAM-containing intracellular domains, such as the γ subunit of Fc receptor (FcRγ) and multiple epidermal growth factor-like domains protein 10 (Megf10), have also been used and can induce comparable phagocytosis as CD3ζ [97, 98]. FcRγ transduces canonical signaling for antibody-dependent cellular phagocytosis (ADCP) in macrophages. Megf10 plays an critical role in phagocytosis of apoptotic cells by macrophages [101].
Similar to the second- and third-generation CAR T cells, an additional signaling domain enhances phagocytosis. CAR T cells containing the CD3 domain without a co-stimulatory domain, as seen in the first generation CAR T cells, have limited in vivo activity [102]. Hence, all the FDA-approved CAR T products contain a co-stimulatory intracellular domain, either CD28 or 4–1 BB (Table 1). Similar findings have been observed in CAR macrophages. It was previously reported that phosphoinositide 3-kinase (PI3K) signaling is important for phagocytosis of large particles [103]. A tandem fusion of the CD19 PI3K-recruiting domain to CAR FcRγ tripled the phagocytosis of target whole cells [97].
Current status of CAR macrophage development-preclinical studies
So far, CAR macrophage research is mainly at the pre-clinical stage with one Phase I trial ongoing which uses autologous CAR macrophages targeting HER2 overexpressing solid tumors (Table 5).Table 5Current status of CAR macrophage studies


	References
	Macrophage source
	Target antigens
	Extracellular/ Intracellular domains
	Major findings

	Morrisey et al [97]
	J774A.1 Macrophages
	CD19, CD22
	Extra: scFv
Intra: Megf10,  FcγR,  CD3ζ,  FcγR + PI3K
	1. ITAM-containing CD3ζ, FcRγ and Megf10 intracellular domains have comparable phagocytic efficiency
2. Addition of a PI3K-recruiting domain enhances phagocytosis of whole cells
3. Most CAR macrophages exert trogocytosis
4. Addition of anti-CD47 antibody enhances phagocytosis

	Zhang L. et al [104]
	induced pluripotent stem cells (iPSCs)
	CD19
	Extra: scFv
Intra: CD86 +  FcγRI
	1. iPSCs can be used to generate CAR macrophages
2. iPSCs CAR macrophages (CAR-iMACs) possess M2 phenotype
3. Engagement of target cells titls toward M1 differentiation
4. CAR-iMACs can expand, persist and exert anti-tumor activities in vivo

	Zhang W. et al. [105]
	Raw264.7 monocyte/ macrophages
	HER2
	Extra: scFv
Intra: CD147
	1. CAR-147 upregulates MMP expression in vitro and in vivo;
2. CAR-147 does not exhibit phagocytosis;
3. CAR-147 decreases collagen content, induces CD3+ T cell infiltration and inhibits tumor growth.

	Niu et al. [99]
	Raw264.7 monocyte/ macrophages
	CCR7
	Extra: CCL19
Intra: TLR2, TLR4, TLR6, MerTK, 4-1BB-CD3ζ
	1. CAR-M (MerTK) has the most efficient cell killing and phagocytosis in vitro compared to CAR-M with other intracellular domains;
2. At high dose, CAR-M also induces hair and body weight loss as CCR7 is also expressed at hair follicles and intestinal villi;
3. CAR-M (MerTK) suppresses tumor growth, prolongs survival, inhibits cancer metastasis in mice with little toxicity;
4. CAR-M (MerTK) significantly induces CD3+ T cell infiltration, decreases PD-L1-positive cells, and increases pro-inflammatory cytokine production in tumors.

	Klichinsky et al [98]
	Human THP-1 cell line
	HER2
	Extra: scFv
Intra: CD3ζ
	1. A replication-incompetent adenoviral vector can highly efficiently deliver CAR to human macrophages;
2. Adenoviral injection induces M1 differentiation and pro-inflammatory tumor microenvironment;
3. Adenovirus-transduced CAR macrophages can cross-present tumor-derived antigens and more efficiently activate T cells
4. Adenovirus-transduced CAR macrophages significantly prolongs survival and decreases metastasis of tumor-carrying mice.




Morrissey et al. systemically analyzed intracellular domains that can be used to construct CD19- and CD22-targeting CAR macrophages [97]. CAR macrophages with any of the ITAM-containing intracellular domains, CD3ζ, FcRγ or Megf10, had comparable phagocytic efficiency while CAR macrophages containing Bai1 and MerTK intracellular domains could not bind to target beads. Most CAR macrophages only internalized fragments of target cells, a phenomenon resembling trogocytosis or nibbling of live cells. Whole cell engulfment was infrequent. An antibody blocking the “don’t eat me” signal CD47 or CAR containing FcRγ-PI3K-recruiting domains enhanced phagocytosis of whole cells, but still less than 10% of macrophages contained whole cells after 4–8 h of incubation.
Klichinsky et al. reported generation and characterization of CD3ζ-based anti-HER2 CAR macrophages [98]. In this study, a replication-incompetent adenoviral vector was used to deliver CAR to macrophages with high efficiency and reproducibility. Adenoviral infection induced M1 differentiation of CAR macrophages as well as tilted TME toward a proinflammatory state instead of an anti-inflammatory M2 state associated with most tumors. Furthermore, adenovirus-transduced CAR macrophages, as professional antigen-presenting cells, could cross-present tumor-derived antigens in addition to target antigens and more efficiently activate T cells. Consistent with these in vitro findings, these CAR macrophages significantly prolonged survival and decreased lung metastasis of mice carrying tumor implants.
A study reported by L. Zhang et al. addresses the issue of inefficiency in bioengineering macrophages for cancer immunotherapy by using induced pluripotent stem cells (iPSCs)-derived CAR macrophages [104]. In this study, non-integrating episomal vectors encoding reprograming factors were used to induce iPSC clones. Then CAR containing CD86 and FcRγ intracellular domains was transduced into iPSC-induced macrophages. These iPSC-derived CAR-expressing macrophages (CAR-iMACs) possess M2 phenotype. However, upon encounter with target cells, these CAR-iMACs could engulf the target cancer cells and were tilted toward a pro-inflammatory M1 state. In vivo studies showed that CAR-iMACs could expand, persist and exert their anti-tumor activities.
W. Zhang et al. used CAR macrophages to address the insufficient immune cell infiltration into tumors caused by extracellular matrix (ECM) [105]. ECM creates a physical barrier for T cells to infiltrate into tumor sites and exert their anticancer immunity. CAR T cells targeting cancer-associated fibroblasts or matrix-degrading enzyme, heparinase, can promote immune cell infiltration and augment anticancer immunity [29, 106]. In Zhang’s CAR macrophages, scFv targeting HER2 is conjugated to a hinge region and CD147 transmembrane and intracellular domains to generate CAR-147 macrophages. CD147 is essential for ECM remodeling via the expression of matrix metalloproteinases (MMPs) [107]. Since CD147 does not transduce phagocytic signal, engagement of CAR macrophages with target cells significantly upregulated the expression of certain MMPs, but did not affect other macrophagic functions, such as phagocytosis, reactive oxygen species (ROS) production and inflammatory cytokine secretion. Consistent with the findings in vitro, CAR-147 macrophages upregulated the expression of a few MMPs, significantly reduced collagen content in tumors, induced CD3+ T cell infiltration and inhibited tumor growth.
Niu et al. reported a study of using CAR macrophage to target CCR7-expressing immunosuppressive cells for cancer immunotherapy [99]. This group previously found that lipid droplet high (LDhi) immunosuppressive cells expressed CC-chemokine receptor 7 (CCR7), accumulated in tumor tissues, and suppressed anticancer immunity [108, 109]. Hence, CAR macrophages were designed that express the CCR7 nature ligand CCL19 (C-C Motif Chemokine Ligand 19) as the extracellular domain to target CCR7-expressing immunosuppressive cells. To develop an optimal CAR construct, the following intracellular domains were used and compared: TLR2, TLR4, TLR6, MerTK, or the classical CAR-T activation domain, 4-1BB-CD3ζ. CAR macrophage containing MerTK or CAR-M (MerTK) had the strongest phagocytosis and cell killing activities in vitro. Since CCR7 is also expressed at hair follicles and intestinal villi, on-target off-tumor toxicities were observed when high-dose CAR-M (MerTK) was administered. At low doses, it induced CD3+ T cell infiltration into tumors, increased pro-inflammatory cytokine production, suppressed tumor growth, prolonged overall survival and decreased metastasis with little toxicity in syngeneic BALB/c mice carrying 4 T1 tumors.
Current status of CAR macrophage development-clinical development
So far, there is only one Phase I clinical trial with CAR macrophages (Clinicaltrials.gov identifier number: NCT04660929). This clinical trial is based on the CAR macrophages developed by Klichinsky et al. as discussed above [98]. This trial uses CAR macrophages engineered with chimeric adenoviral vector Ad5f35 and carrying scFv targeting HER2. Adenoviral infection induces the differentiation of macrophages into a pro-inflammatory M1-like phenotype. This clinical trial started in February 2021. So far, no results have been reported yet. A second study with CAR macrophage was also registered (Clinicaltrials.gov identifier number: NCT05007379). This is not a clinical trial. This study is an observation study to determine the anti-tumor activity of CAR macrophages in patient-derived organoids from 100 patients.
Limitations associated with CAR macrophages
CAR macrophage is still at its nascent stage with only one clinical trial initiated and no results reported yet. Hence, many of the limitations have yet to be unfolded. Similar to CAR T and NK cells, CAR macrophages will need to go through 7 steps along the cancer-immunity cycle to achieve the cytotoxicity effects. Great endeavors are under way to optimize CAR macrophage structure, manufacturing, storage, tumor infiltration, and retention to cytotoxicity at TME. Repeated dosing may be needed to maintain sufficient CAR macrophage levels for active cancer surveillance. One major advantage of using macrophages for ACT is its propensity in migration and infiltration into tumors [92]. With the plasticity of inter-differentiation between pro-inflammatory M1 and anti-immune M2 phenotypes, high infiltration of macrophages into tumors and differentiation into the M2 phenotype can promote cancer growth and metastasis. Differentiation and retention of the M1 phenotype is being explored.
Conclusions
In summary, ACT with CAR T therapy has made tremendous progress in hematological malignancies with five CAR T therapies approved by the FDA so far. CAR T therapy in solid tumors lags behind secondary to lack of cancer-specific antigen, low efficiency of CAR T cell trafficking and migration into tumor sites, immunosuppressive TME among others. CAR NK cells have also been studied and translated into clinical trials [110]. There are several advantages of CAR NK cells. A limited lifespan of NK cells means lower risk of on-target/off-tumor toxicity; different cytokine profile released by NK cells represents a diminished risk for cytokine release syndrome and neurotoxicity; and reduced risk for alloreactivity allows generation of off-the-shelf allo-CAR NK cells using NK cell lines. Macrophages are among the major infiltrated cells at TME. Even immunosuppressive M2 macrophages possess strong phagocytic activity. Recently CAR macrophages are being explored as an alternative approach for the ACT. Preclinical studies have shown promising anti-tumor activity with one clinical trial with CAR macrophages targeting HER2-expressing solid tumors ongoing. Future CAR macrophage therapy still needs to overcome some other obstacles encountered with CAR T therapy. Since tumor-associated macrophages are the major cell type and main immune regulator at TME, one major research direction is to develop CAR macrophage not only as a phagocytic machinery but more importantly, an antigen presenter, TME modifier and immune stimulator to promote anticancer immunity.
Acknowledgements
The figures were made with the support of at BioRender.​com.

Authors’ contributions
All authors (KP, HF, VCSRC, HX, CP and ZZ) drafted and finalized the manuscript and approved the final manuscript.

Funding
Funding Work was supported in part by Merit Review (Award # 1I01 BX003840, PI: Pan) from the United States (U.S.) Department of Veterans Affairs Biomedical Laboratory Research and Development Program. The contents do not represent the views of the U.S. Department of Veterans Affairs or the United States Government.

Availability of data and materials
Data sharing is not applicable to this article as no datasets were generated or analyzed during the current study.

Declarations
Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Pan C, Liu H, Robins E, Song W, Liu D, Li Z, et al. Next-generation immuno-oncology agents: current momentum shifts in cancer immunotherapy. J Hematol Oncol. 2020;13(1):29.PubMedPubMedCentral

	2.
Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma. N Engl J Med. 2017;377(26):2531–44.PubMedPubMedCentral

	3.
U.S. FDA Approves Yescarta for Relapsed or Refractory Follicular Lymphoma After Two or More Lines of Systemic Therapy [https://​www.​drugs.​com/​newdrugs/​u-s-fda-approves-yescarta-relapsed-refractory-follicular-lymphoma-after-two-more-lines-systemic-5457.​html]

	4.
Wang M, Munoz J, Goy A, Locke FL, Jacobson CA, Hill BT, et al. KTE-X19 CAR T-Cell Therapy in Relapsed or Refractory Mantle-Cell Lymphoma. N Engl J Med. 2020;382(14):1331–42.PubMedPubMedCentral

	5.
Munshi NC, Anderson LD Jr, Shah N, Madduri D, Berdeja J, Lonial S, et al. Idecabtagene Vicleucel in Relapsed and Refractory Multiple Myeloma. N Engl J Med. 2021;384(8):705–16.PubMed

	6.
Abramson JS, Palomba ML, Gordon LI, Lunning MA, Wang M, Arnason J, et al. Lisocabtagene maraleucel for patients with relapsed or refractory large B-cell lymphomas (TRANSCEND NHL 001): a multicentre seamless design study. Lancet. 2020;396(10254):839–52.PubMed

	7.
Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al. Tisagenlecleucel in Children and Young Adults with B-Cell Lymphoblastic Leukemia. N Engl J Med. 2018;378(5):439–48.PubMedPubMedCentral

	8.
Schuster SJ, Bishop MR, Tam CS, Waller EK, Borchmann P, McGuirk JP, et al. Tisagenlecleucel in Adult Relapsed or Refractory Diffuse Large B-Cell Lymphoma. N Engl J Med. 2019;380(1):45–56.PubMed

	9.
Rafiq S, Hackett CS, Brentjens RJ. Engineering strategies to overcome the current roadblocks in CAR T cell therapy. Nat Rev Clin Oncol. 2020;17(3):147–67.PubMed

	10.
Zhang T, Wu MR, Sentman CL. An NKp30-based chimeric antigen receptor promotes T cell effector functions and antitumor efficacy in vivo. J Immunol. 2012;189(5):2290–9.PubMed

	11.
Bridgeman JS, Hawkins RE, Bagley S, Blaylock M, Holland M, Gilham DE. The optimal antigen response of chimeric antigen receptors harboring the CD3zeta transmembrane domain is dependent upon incorporation of the receptor into the endogenous TCR/CD3 complex. J Immunol. 2010;184(12):6938–49.PubMed

	12.
Till BG, Jensen MC, Wang J, Chen EY, Wood BL, Greisman HA, et al. Adoptive immunotherapy for indolent non-Hodgkin lymphoma and mantle cell lymphoma using genetically modified autologous CD20-specific T cells. Blood. 2008;112(6):2261–71.PubMedPubMedCentral

	13.
Hege KM, Bergsland EK, Fisher GA, Nemunaitis JJ, Warren RS, McArthur JG, et al. Safety, tumor trafficking and immunogenicity of chimeric antigen receptor (CAR)-T cells specific for TAG-72 in colorectal cancer. J Immunother Cancer. 2017;5:22.PubMedPubMedCentral

	14.
Hombach AA, Heiders J, Foppe M, Chmielewski M, Abken H. OX40 costimulation by a chimeric antigen receptor abrogates CD28 and IL-2 induced IL-10 secretion by redirected CD4(+) T cells. Oncoimmunology. 2012;1(4):458–66.PubMedPubMedCentral

	15.
Song DG, Powell DJ. Pro-survival signaling via CD27 costimulation drives effective CAR T-cell therapy. Oncoimmunology. 2012;1(4):547–9.PubMedPubMedCentral

	16.
Guedan S, Chen X, Madar A, Carpenito C, McGettigan SE, Frigault MJ, et al. ICOS-based chimeric antigen receptors program bipolar TH17/TH1 cells. Blood. 2014;124(7):1070–80.PubMedPubMedCentral

	17.
Song DG, Ye Q, Poussin M, Harms GM, Figini M, Powell DJ Jr. CD27 costimulation augments the survival and antitumor activity of redirected human T cells in vivo. Blood. 2012;119(3):696–706.PubMed

	18.
Kawalekar OU, O'Connor RS, Fraietta JA, Guo L, McGettigan SE, Posey AD Jr, et al. Distinct signaling of Coreceptors regulates specific metabolism pathways and impacts memory development in CAR T cells. Immunity. 2016;44(2):380–90.PubMed

	19.
Pellegrino M, Del Bufalo F, De Angelis B, Quintarelli C, Caruana I, de Billy E. Manipulating the Metabolism to Improve the Efficacy of CAR T-Cell Immunotherapy. Cells. 2020;10(1).

	20.
Drent E, Poels R, Ruiter R, van de Donk N, Zweegman S, Yuan H, et al. Combined CD28 and 4-1BB Costimulation potentiates affinity-tuned chimeric antigen receptor-engineered T cells. Clin Cancer Res. 2019;25(13):4014–25.PubMedPubMedCentral

	21.
Duong CP, Westwood JA, Yong CS, Murphy A, Devaud C, John LB, et al. Engineering T cell function using chimeric antigen receptors identified using a DNA library approach. PLoS One. 2013;8(5):e63037.PubMedPubMedCentral

	22.
Huang R, Li X, He Y, Zhu W, Gao L, Liu Y, et al. Recent advances in CAR-T cell engineering. J Hematol Oncol. 2020;13(1):86.PubMedPubMedCentral

	23.
HIGHLIGHTS OF PRESCRIBING INFORMATION-tisagenlecleucel 2020 [updated 12/2020. Available from: https://​www.​fda.​gov/​media/​107296/​download

	24.
U.S. FDA Approves Yescarta for Relapsed or Refractory Follicular Lymphoma After Two or More Lines of Systemic Therapy 2021 [Available from: https://​www.​drugs.​com/​newdrugs/​u-s-fda-approves-yescarta-relapsed-refractory-follicular-lymphoma-after-two-more-lines-systemic-5457.​html.

	25.
Zmievskaya E, Valiullina A, Ganeeva I, Petukhov A, Rizvanov A, Bulatov E. Application of CAR-T Cell Therapy beyond Oncology: Autoimmune Diseases and Viral Infections. Biomedicines. 2021;9(1).

	26.
Johnson LA, Morgan RA, Dudley ME, Cassard L, Yang JC, Hughes MS, et al. Gene therapy with human and mouse T-cell receptors mediates cancer regression and targets normal tissues expressing cognate antigen. Blood. 2009;114(3):535–46.PubMedPubMedCentral

	27.
Parkhurst MR, Yang JC, Langan RC, Dudley ME, Nathan DA, Feldman SA, et al. T cells targeting carcinoembryonic antigen can mediate regression of metastatic colorectal cancer but induce severe transient colitis. Mol Ther. 2011;19(3):620–6.PubMed

	28.
Morgan RA, Chinnasamy N, Abate-Daga D, Gros A, Robbins PF, Zheng Z, et al. Cancer regression and neurological toxicity following anti-MAGE-A3 TCR gene therapy. J Immunother. 2013;36(2):133–51.PubMedPubMedCentral

	29.
Wang LC, Lo A, Scholler J, Sun J, Majumdar RS, Kapoor V, et al. Targeting fibroblast activation protein in tumor stroma with chimeric antigen receptor T cells can inhibit tumor growth and augment host immunity without severe toxicity. Cancer Immunol Res. 2014;2(2):154–66.PubMed

	30.
Craddock JA, Lu A, Bear A, Pule M, Brenner MK, Rooney CM, et al. Enhanced tumor trafficking of GD2 chimeric antigen receptor T cells by expression of the chemokine receptor CCR2b. J Immunother. 2010;33(8):780–8.PubMedPubMedCentral

	31.
Tran E, Chinnasamy D, Yu Z, Morgan RA, Lee CC, Restifo NP, et al. Immune targeting of fibroblast activation protein triggers recognition of multipotent bone marrow stromal cells and cachexia. J Exp Med. 2013;210(6):1125–35.PubMedPubMedCentral

	32.
Looi CK, Chung FF, Leong CO, Wong SF, Rosli R, Mai CW. Therapeutic challenges and current immunomodulatory strategies in targeting the immunosuppressive pancreatic tumor microenvironment. J Exp Clin Cancer Res. 2019;38(1):162.PubMedPubMedCentral

	33.
Yang J, Yan J, Liu B. Targeting VEGF/VEGFR to Modulate Antitumor Immunity. Frontiers in Immunology. 2018;9(978).

	34.
Hou AJ, Chen LC. Chen YY. Nature Reviews Drug Discovery: Navigating CAR-T cells through the solid-tumour microenvironment; 2021.

	35.
Majzner RG, Mackall CL. Tumor Antigen Escape from CAR T-cell Therapy. Cancer Discov. 2018;8(10):1219–26.PubMed

	36.
Kochenderfer JN, Somerville RPT, Lu T, Yang JC, Sherry RM, Feldman SA, et al. Long-Duration Complete Remissions of Diffuse Large B Cell Lymphoma after Anti-CD19 Chimeric Antigen Receptor T Cell Therapy. Mol Ther. 2017;25(10):2245–53.PubMedPubMedCentral

	37.
Turtle CJ, Hanafi LA, Berger C, Hudecek M, Pender B, Robinson E, et al. Immunotherapy of non-Hodgkin’s lymphoma with a defined ratio of CD8+ and CD4+ CD19-specific chimeric antigen receptor-modified T cells. Sci Transl Med. 2016;8(355):355ra116.

	38.
Jafarzadeh L, Masoumi E, Fallah-Mehrjardi K, Mirzaei HR, Hadjati J. Prolonged Persistence of Chimeric Antigen Receptor (CAR) T Cell in Adoptive Cancer Immunotherapy: Challenges and Ways Forward. Front Immunol. 2020;11:702.PubMedPubMedCentral

	39.
McLellan AD, Ali Hosseini Rad SM. Chimeric antigen receptor T cell persistence and memory cell formation. Immunol Cell Biol. 2019;97(7):664–74.PubMed

	40.
van der Stegen SJ, Hamieh M, Sadelain M. The pharmacology of second-generation chimeric antigen receptors. Nat Rev. Drug Discov. 2015;14(7):499–509.PubMedPubMedCentral

	41.
Zhao Z, Condomines M, van der Stegen SJC, Perna F, Kloss CC, Gunset G, et al. Structural Design of Engineered Costimulation Determines Tumor Rejection Kinetics and Persistence of CAR T Cells. Cancer Cell. 2015;28(4):415–28.PubMedPubMedCentral

	42.
Davila ML, Riviere I, Wang X, Bartido S, Park J, Curran K, et al. Efficacy and toxicity management of 19-28z CAR T cell therapy in B cell acute lymphoblastic leukemia. Sci Transl Med. 2014;6(224):224ra25.

	43.
Ying Z, He T, Wang X, Zheng W, Lin N, Tu M, et al. Parallel Comparison of 4-1BB or CD28 Co-stimulated CD19-Targeted CAR-T Cells for B Cell Non-Hodgkin’s Lymphoma. Mol Ther Oncolytics. 2019;15:60–8.PubMedPubMedCentral

	44.
Kaartinen T, Luostarinen A, Maliniemi P, Keto J, Arvas M, Belt H, et al. Low interleukin-2 concentration favors generation of early memory T cells over effector phenotypes during chimeric antigen receptor T-cell expansion. Cytotherapy. 2017;19(6):689–702.PubMed

	45.
Zhang X, Lv X, Song Y. Short-term culture with IL-2 is beneficial for potent memory chimeric antigen receptor T cell production. Biochem Biophys Res Commun. 2018;495(2):1833–8.PubMed

	46.
Medvec AR, Ecker C, Kong H, Winters EA, Glover J, Varela-Rohena A, et al. Improved Expansion and In Vivo Function of Patient T Cells by a Serum-free Medium. Mol Ther Methods Clin Dev. 2018;8:65–74.PubMed

	47.
Kunkele A, Johnson AJ, Rolczynski LS, Chang CA, Hoglund V, Kelly-Spratt KS, et al. Functional Tuning of CARs Reveals Signaling Threshold above Which CD8+ CTL Antitumor Potency Is Attenuated due to Cell Fas-FasL-Dependent AICD. Cancer Immunol Res. 2015;3(4):368–79.PubMed

	48.
Marrack P, Scott-Browne J, MacLeod MK. Terminating the immune response. Immunol Rev. 2010;236:5–10.PubMedPubMedCentral

	49.
Schirrmacher V. Cancer Vaccines and Oncolytic Viruses Exert Profoundly Lower Side Effects in Cancer Patients than Other Systemic Therapies: A Comparative Analysis. Biomedicines. 2020;8(3).

	50.
Schuster SJ, Svoboda J, Chong EA, Nasta SD, Mato AR, Anak O, et al. Chimeric Antigen Receptor T Cells in Refractory B-Cell Lymphomas. N Engl J Med. 2017;377(26):2545–54.PubMedPubMedCentral

	51.
Park JH, Riviere I, Gonen M, Wang X, Senechal B, Curran KJ, et al. Long-Term Follow-up of CD19 CAR Therapy in Acute Lymphoblastic Leukemia. N Engl J Med. 2018;378(5):449–59.PubMedPubMedCentral

	52.
Lee DW, Santomasso BD, Locke FL, Ghobadi A, Turtle CJ, Brudno JN, et al. ASTCT Consensus Grading for Cytokine Release Syndrome and Neurologic Toxicity Associated with Immune Effector Cells. Biol Blood Marrow Transplant. 2019;25(4):625–38.PubMed

	53.
Mahmoudjafari Z, Hawks KG, Hsieh AA, Plesca D, Gatwood KS, Culos KA. American Society for Blood and Marrow Transplantation Pharmacy Special Interest Group Survey on Chimeric Antigen Receptor T Cell Therapy Administrative, Logistic, and Toxicity Management Practices in the United States. Biol Blood Marrow Transplant. 2019;25(1):26–33.PubMed

	54.
Sandler RD, Tattersall RS, Schoemans H, Greco R, Badoglio M, Labopin M, et al. Diagnosis and Management of Secondary HLH/MAS Following HSCT and CAR-T Cell Therapy in Adults; A Review of the Literature and a Survey of Practice Within EBMT Centres on Behalf of the Autoimmune Diseases Working Party (ADWP) and Transplant Complications Working Party (TCWP). Front Immunol. 2020;11:524.PubMedPubMedCentral

	55.
Henter JI, Horne A, Arico M, Egeler RM, Filipovich AH, Imashuku S, et al. HLH-2004: Diagnostic and therapeutic guidelines for hemophagocytic lymphohistiocytosis. Pediatr Blood Cancer. 2007;48(2):124–31.PubMed

	56.
Globerson Levin A, Riviere I, Eshhar Z, Sadelain M. CAR T cells: Building on the CD19 paradigm. Eur J Immunol. 2021;51(9):2151–63.PubMed

	57.
Hou AJ, Chen LC, Chen YY. Navigating CAR-T cells through the solid-tumour microenvironment. Nat Rev. Drug Discov. 2021;20(7):531–50.PubMed

	58.
Marofi F, Motavalli R, Safonov VA, Thangavelu L, Yumashev AV, Alexander M, et al. CAR T cells in solid tumors: challenges and opportunities. Stem Cell Res Ther. 2021;12(1):81.PubMedPubMedCentral

	59.
Townsend MH, Shrestha G, Robison RA, O’Neill KL. The expansion of targetable biomarkers for CAR T cell therapy. J Exp Clin Cancer Res. 2018;37(1):163.PubMedPubMedCentral

	60.
Brennan CW, Verhaak RG, McKenna A, Campos B, Noushmehr H, Salama SR, et al. The somatic genomic landscape of glioblastoma. Cell. 2013;155(2):462–77.PubMedPubMedCentral

	61.
Kloss CC, Condomines M, Cartellieri M, Bachmann M, Sadelain M. Combinatorial antigen recognition with balanced signaling promotes selective tumor eradication by engineered T cells. Nat Biotechnol. 2013;31(1):71–5.PubMed

	62.
Roybal KT, Williams JZ, Morsut L, Rupp LJ, Kolinko I, Choe JH, et al. Engineering T Cells with Customized Therapeutic Response Programs Using Synthetic Notch Receptors. Cell. 2016;167(2):419–32 e16.PubMedPubMedCentral

	63.
Cho JH, Collins JJ, Wong WW. Universal Chimeric Antigen Receptors for Multiplexed and Logical Control of T Cell Responses. Cell. 2018;173(6):1426–38 e11.PubMedPubMedCentral

	64.
Liu X, Jiang S, Fang C, Yang S, Olalere D, Pequignot EC, et al. Affinity-Tuned ErbB2 or EGFR Chimeric Antigen Receptor T Cells Exhibit an Increased Therapeutic Index against Tumors in Mice. Cancer Res. 2015;75(17):3596–607.PubMedPubMedCentral

	65.
Caruso HG, Hurton LV, Najjar A, Rushworth D, Ang S, Olivares S, et al. Tuning Sensitivity of CAR to EGFR Density Limits Recognition of Normal Tissue While Maintaining Potent Antitumor Activity. Cancer Res. 2015;75(17):3505–18.PubMedPubMedCentral

	66.
Posey AD Jr, Schwab RD, Boesteanu AC, Steentoft C, Mandel U, Engels B, et al. Engineered CAR T Cells Targeting the Cancer-Associated Tn-Glycoform of the Membrane Mucin MUC1 Control Adenocarcinoma. Immunity. 2016;44(6):1444–54.PubMedPubMedCentral

	67.
Sharma P, Marada V, Cai Q, Kizerwetter M, He Y, Wolf SP, et al. Structure-guided engineering of the affinity and specificity of CARs against Tn-glycopeptides. Proc Natl Acad Sci U S A. 2020;117(26):15148–59.

	68.
Yamamoto TN, Kishton RJ, Restifo NP. Developing neoantigen-targeted T cell-based treatments for solid tumors. Nat Med. 2019;25(10):1488–99.PubMed

	69.
Qin H, Ramakrishna S, Nguyen S, Fountaine TJ, Ponduri A, Stetler-Stevenson M, et al. Preclinical Development of Bivalent Chimeric Antigen Receptors Targeting Both CD19 and CD22. Mol Ther Oncolytics. 2018;11:127–37.PubMedPubMedCentral

	70.
Zah E, Lin MY, Silva-Benedict A, Jensen MC, Chen YY. T Cells Expressing CD19/CD20 Bispecific Chimeric Antigen Receptors Prevent Antigen Escape by Malignant B Cells. Cancer Immunol Res. 2016;4(6):498–508.PubMedPubMedCentral

	71.
Bielamowicz K, Fousek K, Byrd TT, Samaha H, Mukherjee M, Aware N, et al. Trivalent CAR T cells overcome interpatient antigenic variability in glioblastoma. Neuro Oncol. 2018;20(4):506–18.PubMed

	72.
Zhu S, Zhang T, Zheng L, Liu H, Song W, Liu D, et al. Combination strategies to maximize the benefits of cancer immunotherapy. J Hematol Oncol. 2021;14(1):156.PubMedPubMedCentral

	73.
Liu H, Pan C, Song W, Liu D, Li Z, Zheng L. Novel strategies for immuno-oncology breakthroughs with cell therapy. Biomark Res. 2021;9(1):62.PubMedPubMedCentral

	74.
Moon EK, Carpenito C, Sun J, Wang LC, Kapoor V, Predina J, et al. Expression of a functional CCR2 receptor enhances tumor localization and tumor eradication by retargeted human T cells expressing a mesothelin-specific chimeric antibody receptor. Clin Cancer Res. 2011;17(14):4719–30.PubMedPubMedCentral

	75.
Kloss CC, Lee J, Zhang A, Chen F, Melenhorst JJ, Lacey SF, et al. Dominant-Negative TGF-beta Receptor Enhances PSMA-Targeted Human CAR T Cell Proliferation And Augments Prostate Cancer Eradication. Mol Ther. 2018;26(7):1855–66.PubMedPubMedCentral

	76.
Luo XY, Wu KM, He XX. Advances in drug development for hepatocellular carcinoma: clinical trials and potential therapeutic targets. J Exp Clin Cancer Res. 2021;40(1):172.PubMedPubMedCentral

	77.
Lemaire V, Shemesh CS, Rotte A. Pharmacology-based ranking of anti-cancer drugs to guide clinical development of cancer immunotherapy combinations. J Exp Clin Cancer Res. 2021;40(1):311.PubMedPubMedCentral

	78.
Allen ES, Stroncek DF, Ren J, Eder AF, West KA, Fry TJ, et al. Autologous lymphapheresis for the production of chimeric antigen receptor T cells. Transfusion. 2017;57(5):1133–41.PubMedPubMedCentral

	79.
Liu E, Marin D, Banerjee P, Macapinlac HA, Thompson P, Basar R, et al. Use of CAR-Transduced Natural Killer Cells in CD19-Positive Lymphoid Tumors. N Engl J Med. 2020;382(6):545–53.PubMedPubMedCentral

	80.
Klingemann H. Are natural killer cells superior CAR drivers? OncoImmunology. 2014;3(4):e28147.PubMedPubMedCentral

	81.
Pende D, Falco M, Vitale M, Cantoni C, Vitale C, Munari E, et al. Killer Ig-Like Receptors (KIRs): Their Role in NK Cell Modulation and Developments Leading to Their Clinical Exploitation. Front Immunol. 2019;10(1179).

	82.
Daher M, Rezvani K. Next generation natural killer cells for cancer immunotherapy: the promise of genetic engineering. Curr Opin Immunol. 2018;51:146–53.PubMedPubMedCentral

	83.
Zhang Y, Wallace DL, de Lara CM, Ghattas H, Asquith B, Worth A, et al. In vivo kinetics of human natural killer cells: the effects of ageing and acute and chronic viral infection. Immunology. 2007;121(2):258–65.PubMedPubMedCentral

	84.
Kruschinski A, Moosmann A, Poschke I, Norell H, Chmielewski M, Seliger B, et al. Engineering antigen-specific primary human NK cells against HER-2 positive carcinomas. Proc Natl Acad Sci U S A. 2008;105(45):17481–6.PubMedPubMedCentral

	85.
Imai C, Iwamoto S, Campana D. Genetic modification of primary natural killer cells overcomes inhibitory signals and induces specific killing of leukemic cells. Blood. 2005;106(1):376–83.PubMedPubMedCentral

	86.
Tangye SG, Cherwinski H, Lanier LL, Phillips JH. 2B4-mediated activation of human natural killer cells. Mol Immunol. 2000;37(9):493–501.PubMed

	87.
Xu Y, Liu Q, Zhong M, Wang Z, Chen Z, Zhang Y, et al. 2B4 costimulatory domain enhancing cytotoxic ability of anti-CD5 chimeric antigen receptor engineered natural killer cells against T cell malignancies. J Hematol Oncol. 2019;12(1):49.PubMedPubMedCentral

	88.
Li Y, Hermanson DL, Moriarity BS, Kaufman DS. Human iPSC-Derived Natural Killer Cells Engineered with Chimeric Antigen Receptors Enhance Anti-tumor Activity. Cell Stem Cell. 2018;23(2):181–92 e5.PubMedPubMedCentral

	89.
Tagaya Y, Bamford RN, DeFilippis AP, Waldmann TA. IL-15: a pleiotropic cytokine with diverse receptor/signaling pathways whose expression is controlled at multiple levels. Immunity. 1996;4(4):329–36.PubMed

	90.
Liu E, Tong Y, Dotti G, Shaim H, Savoldo B, Mukherjee M, et al. Cord blood NK cells engineered to express IL-15 and a CD19-targeted CAR show long-term persistence and potent antitumor activity. Leukemia. 2018;32(2):520–31.PubMed

	91.
Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity cycle. Immunity. 2013;39(1):1–10.PubMed

	92.
van Ravenswaay Claasen HH, Kluin PM, Fleuren GJ. Tumor infiltrating cells in human cancer. On the possible role of CD16+ macrophages in antitumor cytotoxicity. Lab Invest. 1992;67(2):166–74.PubMed

	93.
Henze AT, Mazzone M. The impact of hypoxia on tumor-associated macrophages. J Clin Invest. 2016;126(10):3672–9.PubMedPubMedCentral

	94.
Mills CD, Kincaid K, Alt JM, Heilman MJ, Hill AM. M-1/M-2 macrophages and the Th1/Th2 paradigm. J Immunol. 2000;164(12):6166–73.PubMed

	95.
Ruffell B, Coussens LM. Macrophages and therapeutic resistance in cancer. Cancer Cell. 2015;27(4):462–72.PubMedPubMedCentral

	96.
Schulz D, Severin Y, Zanotelli VRT, Bodenmiller B. In-Depth Characterization of Monocyte-Derived Macrophages using a Mass Cytometry-Based Phagocytosis Assay. Sci Rep. 2019;9(1):1925.PubMedPubMedCentral

	97.
Morrissey MA, Williamson AP, Steinbach AM, Roberts EW, Kern N, Headley MB, et al. Chimeric antigen receptors that trigger phagocytosis. Elife. 2018;7.

	98.
Klichinsky M, Ruella M, Shestova O, Lu XM, Best A, Zeeman M, et al. Human chimeric antigen receptor macrophages for cancer immunotherapy. Nat Biotechnol. 2020;38(8):947–53.PubMedPubMedCentral

	99.
Niu Z, Chen G, Chang W, Sun P, Luo Z, Zhang H, et al. Chimeric antigen receptor-modified macrophages trigger systemic anti-tumour immunity. J Pathol. 2021;253(3):247–57.PubMed

	100.
Bu JY, Shaw AS, Chan AC. Analysis of the interaction of ZAP-70 and syk protein-tyrosine kinases with the T-cell antigen receptor by plasmon resonance. Proc Natl Acad Sci U S A. 1995;92(11):5106–10.PubMedPubMedCentral

	101.
Park SY, Kim IS. Engulfment signals and the phagocytic machinery for apoptotic cell clearance. Exp Mol Med. 2017;49(5):e331.PubMedPubMedCentral

	102.
Brocker T, Karjalainen K. Signals through T cell receptor-zeta chain alone are insufficient to prime resting T lymphocytes. J Exp Med. 1995;181(5):1653–9.PubMed

	103.
Schlam D, Bagshaw RD, Freeman SA, Collins RF, Pawson T, Fairn GD, et al. Phosphoinositide 3-kinase enables phagocytosis of large particles by terminating actin assembly through Rac/Cdc42 GTPase-activating proteins. Nat Commun. 2015;6:8623.PubMed

	104.
Zhang L, Tian L, Dai X, Yu H, Wang J, Lei A, et al. Pluripotent stem cell-derived CAR-macrophage cells with antigen-dependent anti-cancer cell functions. J Hematol Oncol. 2020;13(1):153.PubMedPubMedCentral

	105.
Zhang W, Liu L, Su H, Liu Q, Shen J, Dai H, et al. Chimeric antigen receptor macrophage therapy for breast tumours mediated by targeting the tumour extracellular matrix. Br J Cancer. 2019;121(10):837–45.PubMedPubMedCentral

	106.
Caruana I, Savoldo B, Hoyos V, Weber G, Liu H, Kim ES, et al. Heparanase promotes tumor infiltration and antitumor activity of CAR-redirected T lymphocytes. Nat Med. 2015;21(5):524–9.PubMedPubMedCentral

	107.
Toole BP. Emmprin (CD147), a cell surface regulator of matrix metalloproteinase production and function. Curr Top Dev Biol. 2003;54:371–89.PubMed

	108.
Zhang Y, Kurupati R, Liu L, Zhou XY, Zhang G, Hudaihed A, et al. Enhancing CD8(+) T Cell Fatty Acid Catabolism within a Metabolically Challenging Tumor Microenvironment Increases the Efficacy of Melanoma Immunotherapy. Cancer Cell. 2017;32(3):377–91 e9.PubMedPubMedCentral

	109.
Li P, Lu M, Shi J, Gong Z, Hua L, Li Q, et al. Lung mesenchymal cells elicit lipid storage in neutrophils that fuel breast cancer lung metastasis. Nat Immunol. 2020;21(11):1444–55.PubMedPubMedCentral

	110.
Xie G, Dong H, Liang Y, Ham JD, Rizwan R, Chen J. CAR-NK cells: A promising cellular immunotherapy for cancer. EBioMedicine. 2020;59:102975.PubMedPubMedCentral



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/navigation.xhtml

    
      Contents


      
        		CAR race to cancer immunotherapy: from CAR T, CAR NK to CAR macrophage therapy


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/images/13046_2022_2327_Fig2_HTML.png
First generation Second generation Third generation

Extracellular domain:
Target binding domain
Hinger domain

. Transmembrane domain

U CD3¢,

. . Co-stimulatory domains





OEBPS/css/envelope.png





OEBPS/images/13046_2022_2327_Fig1_HTML.png
Acute lymphoblastic leukemia

i 4

2017 —— 2018 —O ——

Tisagenlecleucel
08/2017

A Sl

Ti

Large B cell lymp

Mantle cell lymphoma

Follicular lymphoma

Multiple myeloma

10/2017

05/2018

Lisocabtagene maraleucel
02/2021

Brexucabtagene autoleucel
07/2020

Axicabtagene ciloleucel
03/2021

Idecabtagene vicleucel
03/2021

*: all diseases are relapsed or refractory; #: approved for diffuse and other large B-cell lymphoma.





OEBPS/css/sidebar.gif





OEBPS/images/13046_2022_2327_Fig3_HTML.png
NK cell

Cancer cell

Tumor antigen

Monoclonal antibody

Fc Receptor

Activatin?
receptor/ligand

KIR inhibitor
MHC |

Monoclonal
antibody to KIR

CAR

BiKE

TriKE

Lysis





