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Abstract
Innovative immunotherapies based on immune checkpoint targeting antibodies and engineered

T cells are transforming the way we approach cancer treatment. However, although these T cell

centered strategies result in marked and durable responses in patients across many different

tumor types, they provide therapeutic efficacy only in a proportion of patients. A major chal-

lenge of immuno-oncology is thereby to identify mechanisms responsible for resistance to can-

cer immunotherapy in order to overcome themvia adapted strategies thatwill ultimately improve

intrinsic efficacy and response rates. Here, we focus on the barriers that restrain the trafficking

of chimeric antigen receptor (CAR)-expressing T cells to solid tumors. Upon infusion, CAR T cells

need to home into malignant sites, navigate within complex tumor environments, form produc-

tive interactions with cancer cells, deliver their cytotoxic activities, and finally persist. We review

the accumulating evidence that themicroenvironment of solid tumors containsmultiple obstacles

that hinder CAR T cells in the dynamic steps underlying their trafficking. We focus on how these

hurdles may in part account for the failure of CAR T cell clinical trials in human carcinomas. Given

the engineered nature of CAR T cells and possibilities to modify the tumor environment, there

are ample opportunities to augment CAR T cell ability to efficiently find and combat tumors. We

present some of these strategies, which represent a dynamic field of research with high potential

for clinical applicability.

K EYWORD S

cancer immunotherapy, T cell trafficking, chimeric antigen receptor engineering, motility, extra-

cellular matrix, tumormicroenvironment

1 INTRODUCTION

T cells and especially cytotoxic CD8+ T lymphocytes (CTLs) have

long been recognized to be important in limiting the development of

immunogenic tumors.1 The presence of CTLs within many tumors is

hence a positive prognostic factor.2 Conversely, impaired antitumoral

immune response is a hallmark of growing tumors.3 The concept of

Abbreviations: CAR, chimeric antigen receptor; DC, dendritic cell; ECM, extracellular matrix; HER-2, human epidermal growth factor receptor; PD-1, programmed cell death-1; PKA,

cAMP-dependent protein kinase A; RIAD, regulatory subunit I anchoring disruptor; TAM, tumor-associatedmacrophages; TCF1, T cell factor-1; TIL, tumor-infiltrating lymphocyte; TIM3, T cell

immunoglobulin andmucin domain-containing protein 3; Treg, regulatory T cell; TRM, tissue-resident memory T cell; TSCM, Tmemory stem cell; VEGF, vascular endothelial growth factor;

VEGFR-2, VEGF receptor-2.
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T cell-driven immunosurveillance against cancer has led to the devel-

opment of immunotherapies based either on the reinvigoration of T

cell function in situ, mainly via antibodies targeting immune check-

point receptors, or on the transfer of genetically modified autologous

T cells with enhanced antitumoral activity, mainly chimeric antigen

receptor (CAR)-expressing T cells.4 Both strategies have provided an

unprecedented level of long-term antitumor activity in patients with
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several metastatic cancers. However, the majority of patients with

advanced cancers still donot experience sustained clinical benefit from

immunotherapy, highlighting the presence of barriers that one needs

to identify in order to design strategies that overcome them. Ineffec-

tive T cell migration and, in particular, penetration into the tumormass

might represent an important obstacle to T cell based immunothera-

pies. As a support for this notion, various clinical studies have shown

that tumors enriched in T cells are more susceptible to be controlled

by programmed cell death-1 (PD-1) blockade. In contrast, tumors with

so-called “immune deserts” and immune excluded profiles, in which T

cell are present within tumors but not in contact with malignant cells,

are refractory to PD-1 blockade.5 Migration might represent an even

greater challenge forCART cell therapy, because the in vitro expanded

T cells that are infused into the blood circulation need to home to the

site of tumor development and thenmigrate toward the tumormass.

There is currently a wide gap in our knowledge of the homing and

migratory properties of CAR T cells, as well as to the location of these

therapeutic cells over prolongedperiods. Theobjective of this review is

therefore to address key open questions, such as: what are the capaci-

ties of infused therapeutic T cells to home to target organs? How does

the tumor microenvironment influence the motility behavior of engi-

neered T cells?What are the strategies, which have been implemented

to restore a defective CAR T cell migration? How should homing and

motility properties of adoptively transferred T cells be monitored in

preclinical models? By highlighting these points, we hope to stimulate

a research focus at the interface between basic T cell biology and ther-

apeutic development that will ultimately open new opportunities to

improve antitumoral T cell based strategies.

2 T CELL SUBSETS, LOCATION, AND

MOTILITY IN THE CONTEXT OF NATURAL

RESPONSES TO CANCER

The natural development of T cell responses against tumors is a highly

regulated process that involves multiple steps occurring at different

locations. A prerequisite is the expression of antigens, which are spe-

cific of the tumor andmay result fromgenemutations or aberrant gene

expression.6 Dendritic cells (DCs) present at the tumor site may cap-

ture such tumor antigens, for example, in the context of tumor cell

apoptosis, before migrating to draining lymph nodes and presenting

the antigens to T cells.7 In particular, themigratory conventional type1

DC subset is able to cross-present antigens to CD8+ T cells via MHC-I

molecules.8 Alternatively, tumor cells may translocate to lymph nodes

draining the primary tumor and deliver antigens directly at this site.9

Another possible scenario for T cell priming against tumor antigens is

represented by the assembly of tertiary lymphoid organs directly at

the site of tumordevelopment.10 Owing to the expressionof TCRswith

enough affinity for the presented antigens, T cells will get activated,11

leading to their clonal expansion and to the maturation into effector

T cells. In particular, CD8+ T cells will acquire cytotoxic function via

the expression of effector molecules such as perforin and granzymes.

Effector T cells will also acquire the expression of adhesion molecules

and chemokine receptors allowing them to migrate to peripheral

tissues.12 In fact, these effector cells are preferentially attracted to

sites of inflammation, such as those associated with tumor growth.

However, as compared to infectious settings, T cell trafficking to solid

cancers might be inefficient, in part because of a mismatch in homing

molecules and receptors, down-regulation of adhesion molecules, and

aberrant vasculature.13 A side effect to this might be the relocation of

tumor-specific T cells to other sites, as effector T cells can reach dif-

ferent inflamed tissues, regardless of the site of initial antigenic stim-

ulation. The ability for tumor-specific effector T cells to gain access to

sites of tumor metastasis appears to be crucial to the control of can-

cer spreading14 and possibly to maintain new seeds of cancer cells in a

state of dormancy.15,16 It is however unclear whether effector T cells

may act inside the vasculature to control circulating cancer cells or

at the site of distant seeding. The ability of immune checkpoint ther-

apy to control the metastatic process has been documented in several

clinical trials.17,18 However, whether this applies to CAR T cell ther-

apy remains to be determined. In the case of an efficient effector T

cell response, the antigenic trigger is cleared and a fraction of effec-

tor T cells develop into peripheral memory T cells that can reside in

the target tissue for prolonged periods, as a means to provide protec-

tion against a secondary occurrence of the antigenic trigger. However,

in the context of cancer, the tumor cells as well as their microenviron-

ment offer resistance to the effector function of T cells and resolution

is rarely achieved. This is associated with the development of T cells

within tumors that exhibit exhaustion features.19,20 Exhaustion corre-

sponds to various T cell differentiation states usually associated with

chronic antigenic stimulation and with reduced function as compared

to effector cells. Whether exhausted T cells may also harbor altered

motility and homing properties remains to be investigated. In this con-

text, the differentiation status of therapeutic T cells generated by in

vitro stimulation and specific culture conditions is expected to highly

condition their fate in vivo, including their effector functions toward

the tumor andmost probably their trafficking properties.

Defining and generating the population of T cells with the high-

est potential to control tumor growth is of pivotal importance for the

design of T cell based therapies. The rare subset of Tmemory stemcells

(TSCM) is of particular relevance, because of its self-renewal capac-

ity and ability to differentiate into effector cells.21,22 TSCM harbor a

unique combination of naïve T cell markers and memory markers such

as CD58, CD95, IL-2R𝛽 , and CXCR3. A cell tracking study, performed

in patients having received genetically modified T cells in the context

of gene therapy trials for ADA-SCID, has highlighted that TSCM can

persist for up to 12 yr post-infusion and that such cells maintain they

precursor potential.23 Single cell analysis of T cell populations infiltrat-

ing different human cancers has recently uncovered the presence of T

cells endowed with some level of stemness. In the context of nonsmall

cell lung cancer, stem-like CD8+ T cells, harboring a partial exhausted

phenotype together with effector potential and self-renewal capac-

ity, have been identified.24 However, these cells lack the canonical

TSCM phenotype of circulating T cells. In favor of the notion that these

cells play a protective activity, they are lost with disease progression.
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Analysis of a cohort of patients with kidney cancer showed that T cell

infiltrates are composed of T cell factor-1 (TCF1)+ stem-like and T cell

immunoglobulin and mucin domain-containing protein 3 (TIM3)+ ter-

minally differentiated T cell subsets.25 These subsets harbor prolif-

erative potential and cell killing potential, respectively. Furthermore,

TCF1+ stem-like T cells give rise to TIM3+ terminally differentiated

T cell upon stimulation. Interestingly, TCF1+ CD8 T cells are located

in regions enriched with MHC-II+ cells across various human cancers,

suggesting that stem-likeCD8+ Tcells require a lymphoid-like environ-

ment and are key to sustain the terminally differentiated T cell popula-

tion mediating the antitumor immune response. Another T cell subset

of interest for the prospects of T cell therapy is represented by CD8+

tissue-resident memory T (TRM) cells, which have been shown to con-

stitute a prevalent effector population in themicroenvironment of pri-

mary triple-negative breast cancer.26 Indeed, a TRM gene expression

signature is associatedwith improved relapse-free and overall survival

after standard chemotherapy, implying a beneficial antitumor function

for this subset. In this context, such cells display reduced expression

of tissue egress genes such as S1PR1 and KLF2. Residency within the

tumormight therefore be considered a desired property for the design

of T cell based therapies.

3 T CELL HOMING AND MIGRATION IN

THE CONTEXT OF CAR T CELL THERAPY

3.1 Principles of adoptive T cell therapy

Adoptive T cell therapy is based on the isolation, in vitro expan-

sion, and reinfusion of autologous CD8+ T cells endowed with

cytotoxic activity against cancer cells. The therapeutic cell pop-

ulation consists of either tumor-infiltrating lymphocytes (TIL)

or genetically modified T cells expressing a CAR specific for a

expressing a CAR specific for a tumor antigen. Although TIL

infusion has been the first approach to demonstrate the effi-

cacy of T cell based immunotherapy,27 most current approaches

focus on CAR T cell development because of the less restricted

access to primary cells and the modulatory potential of the genetic

engineering.28

CARs have a modular structure with four domains: an antigen-

binding region, a hinge, a transmembrane domain, and an intracellular

signaling domain. Excellent reviews have been published on the func-

tion of each of these elements.29-31 Here, we place greater empha-

sis on the signaling domain as it can impact T cell activities includ-

ing motility. First-generation CARs were composed, in their signaling

domains, of CD3𝜁- derived immunoreceptor tyrosine-based activation

motifs. T cells engineeredwith these CARswere able to bind to and kill

their targets. However, these cells failed to persist in cancer patients. A

major improvement came with the addition of costimulatory domains

derived fromCD28 or 4-1BB (CD137) in so-called second-generations

CARs. Recent studies suggest that CD28-basedCARs have greater ini-

tial antitumor activity, whereas 4-1BB signaling enhances CAR-T cell

persistence and reduces exhaustion.

CAR T cells recognizing CD19 with 4-1BB domain (marketed as

Kymriah) have been approved for the treatment of patients up to 25

yr of agewith relapsed/refractory B cell acute lymphoblastic leukemia.

On the other hand, CD19 CAR T cells with CD28 domain (marketed as

Yescarta) have been approved for adult relapsed or refractory large B

cell lymphoma. In the past few years, clinical trials using these CAR T

cells on malignant/leukemic B cells have shown high rates of response

(70–90%) that are unprecedented, especially in relapsed and refrac-

tory acute B cell leukemia.32 Nonetheless, the field of CAR T cells is

currently facing two major challenges. First, although CAR T cells can

be extremely effective in killing malignant cells, they can also cause

deleterious side effects, including off-tumor toxicity and cytokine

release syndrome.33 Second, the CAR T cell strategy has not yet pro-

duced favorable clinical responses in targeting solid malignancies.34

Up to now, most clinical trials on CAR T cells in solid tumors indicate

no or scant objective responses (see Fuca et al.35 for a comprehensive

presentation of clinical trials on solid tumors). This is, for example, the

case of sarcoma patients infused with human epidermal growth fac-

tor receptor (HER)-2 CAR T cells,36 or pancreatic carcinoma patients

infused with mesothelin CAR-T cells.37 Most worrisomely, severe toxi-

cities caused by on-target but off-tumor antigen recognition by CAR T

cells have been reported. In one study, the infusion of CAR T cells tar-

geting HER-2 caused fatal acute respiratory distress syndrome due to

recognition of lung epithelia cells expressing low levels of HER-2.38

3.2 Homing, migration, and persistence

of therapeutic T cells in target tissues

As stated earlier, CAR T cells have shown remarkable success in B

cell malignancies. Many of these semiliquid hematologic malignancies

reside in the bone marrow, a niche easily accessible for intravascular

T cells. In solid tumors, the situation is strikingly different and CAR

T cells face additional barriers that lymphocytes must break in order

to control tumor growth (Fig. 1). First, CAR T cells need to home into

the tumor during the extravasation phase by crossing tumor blood

vessels. A study performed in a metastatic breast cancer patient with

HER-2-specific T cells demonstrated the incapacity of infused lympho-

cytes to home into solid tumor masses. This is in sharp contrast with

the accumulation of tumor-specific T cells into the cancer patient’s

bone marrow.39 Similar results obtained in preclinical mouse tumor

models led to the conclusion that T cell homing into solid tumors is a

limited process.13 Key factors for T cell entry into tumor masses are

chemokine receptors and adhesion molecules. We know that active

trafficking of T cells into tumors partially depends upon the compat-

ibility between chemokines found in tumor and chemokine receptors

expressed on T cells. Once T cells enter the tumor, they must dissemi-

nate and physically contact their targets (Fig. 1). In carcinomas, which

represent 90% of solid tumors, tumor cells are organized in islets sur-

rounded by specialized microenvironment, referred to as the stroma.

As tumor blood vessels are localized in the stroma, newly entered T

cellsmustmigrate from their entry points to their targets. This intersti-

tial migration is influenced by many external elements such as soluble

factors as well as by cellular and structural determinants.
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F IGURE 1 Homing, migration and persistence of chimeric antigen receptor (CAR) T cells in tumors. CAR T cell therapy comprises T cell iso-
lation followed by a CAR transduction and in vitro expansion of the CAR T cells. After the T lymphocytes are reinfused, they need to be recruited
from the blood to the tumor site. There, the engineered receptors are able to interact with specific antigens present on tumor cells and, ultimately
allowing the cytotoxic killing. Additionally, persistence of CAR T cells either in the tumor site or in the peripheral blood is critical for robust clinical
responses

Few studies have documented the navigation of T cells within the

tumor stroma. By using amodel of fresh human tumor slices combined

with dynamic imaging microscopy, we have monitored the motility of

resident T cells in human solid tumors. Overall, we found that T cells

migrate poorly in the stroma of human lung tumors (2.5 𝜇m/min of

mean velocity from 9 patients) highlighting the presence of obstacles

that impede T cells from reaching cancer cells.40 This notion is rein-

forced as, in few patients whose tumor islets are enriched in T cells,

lymphocytes move fast in the stroma.

After their navigations within the stroma, T cells need to form pro-

ductive conjugates with their targets (Fig. 1). Imaging experiments

have provided insights in the way T cells engagemalignant cells. At the

molecular levels, we know that together with the binding of the TCR

with peptide-MHC complexes, adhesion molecules are important.41

Among these, two integrins, namely LFA-1 and 𝛼E𝛽7, play a critical

role in T cell/tumor cell interaction. LFA-1 binds to ICAM-1 (CD54)

expressed by antigen-presenting cells aswell as by some tumor cells.42

When T cells are stimulated through their TCRs or chemokine recep-

tors, the affinity and clustering of LFA-1 increases in an inside-out sig-

naling process that promotes the binding of this integrin to ICAM-1.

Whether similar molecules and mechanisms control the antitumoral

action of CAR T cells remains to be established.

In vitro and in vivo experiments have also documented the kinetic

interactions between T cells, including CAR T cells and tumors cells.

In vitro experiments performed with murine CAR T cells indicate that

lymphocytes sequentially contact and kill several tumor cells, with

faster formation of a synapse and more rapid detachment of tumor

cells compared with TCR-mediated cytotoxicity.43,44 In vivo experi-

ments support the notion of fast killing dynamics for CART cells, which

would contribute to their therapeutic efficacy. Indeed, CD19 CAR T

cells were observed to engage, kill, and detach from malignant B cells

in∼25min.45 This rapid detachment thatwould favor serial killing con-

trastswithpreviousobservationsof conventionalCD8+ Tcells forming

long-lasting interactions with tumor cells.

Finally, to successfully control the tumor, CARTcells need to persist

for a long time in cancer patients (Fig. 1). In patients with hematologic

malignancies, it has been shown that the persistence of CAR T cells

in peripheral blood is an essential factor for durable clinical response.

It is likely that the same holds true for solid tumors, although no evi-

dence is available for themoment. The determinants that control T cell
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persistence are actively searched and linked to epigenetic fac-

tors controlling the lymphocyte differentiation process.46 In par-

ticular, the process of T cell exhaustion associated with chronic

antigenic activation and specific epigenetic marks may account for

the restricted efficacy of CAR T cells. As recently reported, over-

expression of the transcription factor JUN in CAR T cells is a

promising strategy to counteract their exhaustion and improve their

therapeutic efficacy.47

Optimally, CAR T cell therapy should combine the activity of cells

with immediate cytolytic effector function to kill the bulk of fast-

growing tumors and the persistence of tumor-specific cells with self-

renewal capabilities to provide a prolonged supply of cytolytic effector

progeny to ensure long-term control over tumor cells. Current in vitro

methods employed to expand cells to sufficient numbers and still main-

tain a minimally differentiated phenotype are hindered by the biologic

coupling of clonal expansion and effector differentiation.48 Therefore,

a better understanding of the physiologic mechanism that couples cell

expansion and differentiation ofCD8+ T cellsmay improve the efficacy

of T cell based immunotherapy.

4 BARRIERS TO T CELL MOTILITY

IN THE CONTEXT OF IMMUNOTHERAPY

4.1 Defects in T cell entry

The endothelium is a key checkpoint to control leukocyte recruitment

during an inflammatory response. Particularly, T cells will have to cross

thevasculature inorder to access the target tissue.Anumberof factors

are involved in this step, including chemokines and adhesionmolecules

responsible for the tethering, rolling, adhesions and transmigration

phases through the activated endothelium.Aberrant vasculature oper-

ates as a first hindrance for T cell trafficking into the tumor sites (Fig. 2,

left panel). Tumor endothelium is regarded as structurally immature

and disorganized, with a critical role for the higher activity of pro-

angiogenic factors,which is associated to abnormal blood flowandper-

meability, ultimately leading to increased tissue pressure, collapse of

the blood vessels, and dysregulated oxygen supply.49 The pericytes,

important cells in vessel maintenance and development, show struc-

tural changes in cancer. Tumor pericytes appear to be detached from

the vessel structures, thereby modifying angiogenic signaling.50 Addi-

tionally, the increased presence of angiogenic growth factors induces

endothelial cell anergy, a state of low inflammatory response in the

tumor site as a result of decreased expression of chemokines as well

as molecules important for the adhesive activity of immune cells on

the tumor endothelium.51,52 In addition, T cells often do not express

the chemokine receptors for the chemokines produced by tumors.

For CAR T cells, a recent study using a positron emission tomography

probe to assess lymphocyte trafficking did find the presence of intra-

venously injected engineered cells in mouse bearing tumors positive

for the disialoganglioside GD2.53 However, the accumulation of CAR

T cells into tumors was relatively slow, peaking 2 wk after the initial

transfer. This accessproblem is evenmagnifiedwhendealingwithbrain

tumors, forcing investigators to circumvent the blood-brain barrier by

intracranial injection.

4.2 Defect in T cell migrationwithin tumors

In many tumors, although lymphocytes have successfully crossed

tumor blood vessels, T cells are not in contact with malignant cells but

instead enriched in the surrounding stroma.54 This so-called “excluded

immune infiltrate” phenotype is associated with a lack of responsive-

ness to PD-1 blockade, stressing the importance of stromal obstacles

that need to be identified in order to overcome them. The reasons for

this T cell sequestration in the tumor stroma are manifold, as pointed

out below.

4.2.1 Extracellular matrix (ECM) barrier

Increase in tumor stiffness is a well-established feature of growing

tumors. This is due to an increased deposition and aberrant archi-

tecture of tumor ECM proteins as well as an important presence of

cancer-associated fibroblasts.55 This desmoplastic state has been

shown to contribute to immune suppression through various mecha-

nisms. By using dynamic imagingmicroscopy combinedwith the exper-

imental system of tumor slices made from human tumors, we have

demonstrated a detrimental impact of ECM on T cell migration and on

their ability to reach tumor cells (Fig. 2, left panel). More precisely, a

thick network of collagen fibers surrounding some tumor islets may

constitute a physical obstacle for T cell lymphocytes to infiltrate tumor

cell areas.56

4.2.2 Myeloid cells

Myeloid cells are very abundant cellswithin tumors. These cells engage

T cells in long-lasting, unproductive interactions, potentially acting as a

functional barrier to T cell antitumoral activities (Fig. 2, left panel).57

In a spontaneous murine model of breast cancer, myeloid cells shar-

ing some analogies with both DCs and tumor-associated macrophages

(TAM) have been shown forming long-lasting contacts with T cells.58

Our recent data obtained in human and murine tumors confirm sim-

ilar stable conjugates formed between TAM and CD8+ T cells in the

stroma.40 This cell-cell interactionmight sequesterCTLs in the stroma,

excluding them from the vicinity of cancer cells. Important questions

remain concerning the mechanisms by which TAM prevent CTLs from

reaching tumor cells. In addition, it is not known for the moment

whether CAR T cells also engage myeloid cells in long-lasting interac-

tions within tumors.

4.2.3 Hypoxia

Hypoxia, a feature of growing tumors, has been shown todampenT cell

functions.59 Low oxygen tension can lead to metabolic stress, which

in turn suppresses T cell responses including lymphocyte abilities to

migrate. Two-photon imaging studies have demonstrated the depen-

dence of T cells to oxygen for their migration. This applies to lym-

phoid tissues and also to tumors. The monitoring of CTL behavior in

mouse melanoma tumors using intravital two-photon microscopy has
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F IGURE 2 Barriers and improvements to chimeric antigen receptor (CAR) T cell migration. CAR T cells should overcome the barriers to cell
migrationat tumor sites inorder toperformtheir cytolytic effector function.Obstacles toTcell trafficking toward tumorsmightoccurdue toabnor-
mal tumor blood vesselswith pericyte detachment, dysregulation of chemokine-chemokine receptor interaction, deposition of extracellularmatrix
(ECM) proteins by cancer-associated fibroblasts (CAF), as well as encounter with tumor-associated macrophages (TAM). Therefore, targeting of
tumor micro-environmental components represents an important approach for CAR T cell therapy improvement. The combination of chemokine-
chemokine receptor signaling with co-expression of ECM degrading enzymes could be determinant for T cell function, as well as enhancing the
therapeutic efficacy of CAR T cells

indicated that CD8+ T cells accumulate and migrate preferentially in

perivascular areas.60 Conversely, T cells localized far from blood ves-

sels exhibited a slow mobility. Of interest, reducing hypoxia in mouse

tumors has been shown to restore T cell infiltration and increase the

efficacy of anti-PD-1 therapy.61 No data is yet available concerning

an impact of hypoxia on CAR T cell antitumoral activities. Neverthe-

less, the CAR costimulatory domains (CD28 vs. 4-1BB) may impact

differently on T cell mitochondria and oxygen consumption,62 but

how this affects intratumoral motility is unknown. Apart from hypoxic

conditions, altered levels of metabolic factors (e.g., reduced glucose,

increased lactate) are likely to affect the T cell motility within tumors

as well.

4.2.4 Chemokines

Chemokines, a group of cytokineswith chemotactic activity, have been

regarded as critical players in several aspects of the tumor progression,

such as angiogenesis, metastasis, and leukocyte migration into tumor

sites. Several studies have mapped their role in regulating recruitment

and the subsequent pro- or antitumoral activity of distinct leukocyte

subpopulations, such as TAMand neutrophils, DCs, regulatory T (Treg)

cells, as well as effector T cells.63 In this context, together with a lim-

ited T cell access due to the stromal barrier, a lack of pro-migratory

factors has also been suggested to explain the paucity of T cells found

in many tumors. We have now a better understanding of the nature

of the chemokines important for T cell recruitment into tumors. In

multiple human tumors, CCL5 and CXCL9 are well correlated with

CD8+ T cells.64 Whereas CCL5 is constitutively expressed by tumor

cells, CXCL9 is expressed by DCs and inflammatory macrophages in

response to IFN-𝛾 .Moreover, severalmechanisms have been identified

in the down-regulation of CCL5 expression by malignant cells, includ-

ing theWNT/𝛽-catenin pathway.65 Of note, some chemokines can also

have a detrimental impact on T cell migration and ability to contact

tumor cells. For example, in a pancreatic mouse tumor model, produc-

tion of CXCL12 by stromal fibroblasts impedes T cells from infiltrating

tumor islets by amechanism, which remains to be clarified.66

4.3 Defect in synapse formation between T cell

andmalignant cells

Once T cells have passed the stromal obstacles described earlier, they

need to form productive contacts with malignant cells. Recent data

indicate that the density of the target antigen plays a critical role in

CAR T cell efficacy. In B leukemia patients treated with CD19 CAR T

cells, despite initial high complete response rates, relapses occur in a

large fractionof patients.67 The loss of the target antigen at the surface

ofmalignantBcells is recognizedasbeing amajor causeof relapse. Log-

ically, CAR T cells would not be able to establish productive immuno-

logic synapses withmalignant cells that have lost their target antigens.

More surprisingly is the observation that tumor cells in which the

target antigen has decreased but not disappeared are not efficiently

eliminated with CAR T cells. For example, a significant percentage of

B leukemia patients infused with CD22 CAR T cells relapses from the

treatment despite a residual expression of CD22 by cancer cells.68

Similar conclusions were drawn from experiments conducted

in preclinical mouse tumor models. Tumor cells with intermediate
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expression of the target antigen were not efficiently eliminated by

CAR T cells.69,70 These observations led to the conclusion that CARs,

although of high affinity for their targets, are not very sensitive and

require a high amount of antigen at the cancer cell surface. This is in

sharp contrast with the functioning of TCRs, which are highly sensi-

tive receptors able to recognize a very limited numbers of peptide-

MHC complexes.71 The molecular mechanisms underlying the low

CAR sensitivity is actively searched with attention paid to the sig-

naling elements of the chimeric receptor. Hence, a recent study has

demonstrated that for low antigen densities, CARs with CD28 signal-

ing domains were much more potent than CARs with 4-1BB signal-

ing domains.72 Moreover, strategies aiming at increasing the surface

expression of the antigen targeted by the CAR have been recently

implemented toprevent resistance toCARTcell therapy.73 Altogether,

the notion that emerges from these findings is that progressing tumors

have accumulated multiple mechanisms impeding T cells from migrat-

ing and contacting tumor cells.

4.4 CAR T cell aberrantmigration

Apart from a defective migration into and within the tumor, effec-

tor T cells can also exhibit aberrant distribution, which can lead to

severe toxicities. Cytokine-release syndrome and CAR T cell-related

encephalopathy syndrome are the two most-common life-threatening

toxicities observed after CAR T cell therapy, although rare cases of

anaphylaxis have also been reported.74 The pathophysiologic mecha-

nism underlying these toxicities remains to be determined. Neverthe-

less, accumulating evidence suggests that neurotoxicities are associ-

ated with a disruption of the blood-brain barrier and the infiltration

of CAR T cells into the CNS.75-78 These events lead to elevated levels

of inflammatory cytokines in the cerebrospinal fluid responsible to an

inflammation of the CNS. But CAR T cells can also be found in other

organs, as suggested by the monitoring of CD19 CAR T cells in mouse

developing lymphomas, which revealed evidence for trapping of trans-

ferred cells into the lungs.45 The underlying mechanisms of such cellu-

lar distributions are complex, with the expression of variable amount

of CAR-targeted antigen recognized by engineered T cells. Thus, any

approaches implemented to correct a defective intratumoralmigration

should be carefully weighed to prevent excessive CAR T cell migration

in off-site tumor places.

5 REWIRING T CELL MOTILITY

AS AN OPPORTUNITY TO IMPROVE

IMMUNOTHERAPY

Along its journey toward a specific tumor target, a T cell will face com-

plex interactions with distinct tissue barriers, such as blood vessels,

the tumor microenvironment, as well as the tumor tissue itself. Thus,

directly targeting molecular components involved in T cell adhesive

and motility activities, might overcome tissue obstacles for efficient

trafficking and lead to improvement of CAR T cell therapy (Fig. 2, mid-

dle panel).

5.1 Targeting tumor vasculature to improve

T cell migration

An abnormal expression of angiogenic growth factors is a hallmark of

growing tumors. Therefore, anti-angiogenic strategies aimed at nor-

malizing the structure of tumor vasculature, and a likely subsequent

reversal to an increased expression of endothelial adhesionmolecules,

might decisively enhance T cell recruitment and response to tumor

tissues.79 In fact, in a murine melanoma model, disruption of vascular

endothelial growth factor/VEGF receptor-2 (VEGF/VEGFR-2) sig-

naling by treatment with anti-VEGF showed a synergistic efficiency

with an immunotherapy employing adoptively transferred T cells

carrying a transgenic TCR directed to a melanoma antigen, resulting

in enhanced tumor tissue infiltration.80 Moreover, in another murine

cancer model, combined neutralization of VEGF/angiopoietin-2 led

to improved tumor control, as a result of both better response with

anti-PD-1 blockade and increased accumulation of perivascular

CD8+ T cells.81 As targeting of VEGF also disrupts its immunosu-

pressive effects on the tumor microenvironment, such a strategy

deserves further investigation as a countermeasure to the tumor

microenvironment devoid of infiltrating T cells.82 Additionally, this

approach can also be part of a thoughtful multistrategic therapy

for combating cancer. The combination of angiogenic blockade

and immunotherapy along with radiotherapy, which also leads to

overexpression of adhesion molecules in the target tumor vessels,

might represent an effective pathway to enable T cells to access the

tumor site.83

5.2 Targeting cells and extracellular components in

tumormicroenvironment to improve T cell migration

The tumor microenvironment seems to be a dysregulated battle-

field where recruited leukocytes contribute distinctly for antitumoral

immunity or for a pro-tumorigenic microenvironment via modulation

of the specific immune response. In fact, an immunosuppressive out-

come follows the presence of metabolic alterations and the secre-

tion of immunoregulatory cytokines. Besides, suppressive activities

are also exerted by distinct subpopulations infiltrating the tumor site,

such as Treg cells and myeloid cells.84 All these components play a

role in limiting the activity of CAR T cells and their subsequent capa-

bility to gain access to the tumor tissue. Therefore, controlling the

activity of immunosuppressive components associated to the tumor

site seems a relevant strategy aimed at improving CAR T cell ther-

apy. In this context, Treg depletion has been regarded as an important

mechanism of anti-CTLA-4 immunotherapy.85 Interestingly, an exper-

imental study showed a significant increase in CD8+ T cell infiltration

and tumor rejection following extensive Treg depletion, a finding that

mightbeassociated to tumorvasculaturenormalization,whichexpress

increased levels of VCAM-1 and ICAM-1 on endothelial cells.86 More-

over, as recent reports have pointed, other particular cell subsets act

as critical players in avoiding intratumoral T cell infiltration. These

negative regulators probably affect CAR T cells too, although further

studies on specific cell depletion to improve CAR T cell trafficking
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are warranted. As stated previously, macrophages have a detrimen-

tal impact on T cell ability to reach cancer cells, supporting the use of

strategies that either deplete or reprogram macrophages. Hence, in

several mouse tumor models the depletion of macrophages allowed

CD8+ T cells to infiltrate and mediate tumor regression when com-

bined with anti-PD-1 blockade.40,87 This aspect takes an increasing

importance, as macrophages have also been associated with some

forms of toxicity (e.g., cytokine release syndrome) after CAR T cell

infusion.88 However, one must keep in mind that macrophages with

a proinflammatory phenotype can also exert antitumoral activities

either alone or in cooperationwith T cells, stressing the risk of a deple-

tion strategy.89 Approaches to target cancer-associated fibroblasts,

which are responsible for the excessive production of the ECM lim-

iting intratumoral T cell migration, have been also implemented. In a

lung cancermodel, a CART cell was engineered to successfully deplete

cancer-associated fibroblasts, which comprise a central cellular sub-

set of the tumor microenvironment.90 As expected, such a strategy

inhibited tumor growthevenmore significantly by co-targeting cancer-

associated fibroblasts and the specific tumor antigen. Although the

mechanistic basis for this enhanced antitumor activity was not pro-

vided, the effective T cell infiltrationmight be related to normalization

in tumor vascularization, mitigation of an immunosuppressive milieu,

as well as modulation of the ECM content. Other strategies aim at

directly targeting the ECM, because CAR T cells have a limited capa-

bility to degrade it and, therefore, might harbor an impaired trafficking

toward the tumor tissue (Fig. 2, left panel). In fact, in vitro expansion of

CAR T cells leads to down-regulation of HPSE gene and a consequent

loss of heparanase, an enzyme that T cells secrete to degrade hep-

aran sulfate proteoglycans in ECM.91 By engineering CART cells to co-

express heparanase, these cells showed both an improvement in ECM

degradation and an increase of in vitro migration activity, as ascer-

tained by a Matrigel-based cell invasion assay. Moreover, enhanced

tumor infiltration and decreased tumor growth correlated with an

improvedmouse survival. The ECMas a pivotal component of the CAR

T cell-resistant tumor stroma could also be evidenced from the strik-

ing observation that CAR T cells specific for chondroitin sulfate pro-

teoglycan 4 (a melanoma surface proteoglycan) demonstrated a rele-

vant antimelanoma activity, whereas co-targeting strategy of heparan

sulfate proteoglycans and CD19 did not seem to be efficient to control

the stroma-poor B cell lymphoma.91

The association of classical chemotherapy or radiotherapy strate-

gies to the CAR T cell therapy has been postulated to play a role in tar-

geting the tumor microenvironment, with a potential impact on CAR

T cell trafficking. Previously, the effect of ablative radiotherapy upon

primary tumor and metastasis was reported to be strongly depen-

dent on CD8+ T cell response.92 Radiotherapy seems to induce an

inflammatory milieu, which might favor increased vascular adhesion

and chemotaxis-drivenmigration.93,94 In addition, irradiationof cancer

cell lines led to increasedexpressionof tumor-associatedantigens.95,96

Therefore, an efficientCARTcellmigratory and infiltration capabilities

might benefit from a combination to a classical radiotherapy to treat

solid tumors.

5.3 Targeting chemotactic response to improve

T cell migration

Targeting of chemokine-chemokine receptor signaling has been tested

in several preclinical and clinical studies. Particularly, T cell traffick-

ing into tumor sites following endothelial transmigration is also gov-

erned by a proper response to the chemokine milieu in these sites. In

this sense, as effector memory T cells bear high densities of CXCR3

and CCR5 chemokine receptors, it is expected that they are able to

infiltrate and target tumors producing chemokines that signal through

these receptors. In fact, CCR5 was the first chemokine receptor

demonstrated to be involved in the infiltration of cytotoxic T cells to

tumor site.97 Such a finding could further evolve as a genetic approach

to tune the migratory activity of T cells, in order to redirect them

toward a given chemokine secreted by tumor cells.98 However, poor

antitumoral cytolytic T cell function follows a chemokine/chemokine

receptor mismatch, as tumors may produce low levels of chemokines

or effector T cells may lack the receptors for chemokines specifically

expressed in the target tumor. Therefore, a proposed genetic approach

was to use CAR T cells expressing chemokine receptors that prop-

erly match the chemokines produced by the target tumor (Fig. 2, mid-

dle panel). In fact, CAR T cells, which lack the expression of CCR2,

when engineered to co-express this chemokine receptor, migrate and

respond promptly against tumors that express higher levels of the

chemokine CCL2, a CCR2 ligand.99,100 Likewise, co-expression of IL-

8 chemokine receptor, CXCR2, in CAR T cells resulted in improved in

vitro migration and enhanced in vivo antitumor activity and respon-

siveness to high IL-8-producing tumor cell lines.101 In an experimental

model of Hodgkin lymphoma, a noteworthy strategy took into account

that the lymphoma cells predominantly produce CCL17 and CCL22

and recruit CCR4+ Th2 and Treg cells, resulting in an immunosup-

pressive tumor microenvironment. As CCR4− effector CD8 T cells are

rarely present at the tumor site, the strategy of generating CAR T

cells that co-express CCR4 resulted in higher in vivo migratory and

antilymphoma activities.102 It is important to point out that such an

approach might also lead to some drawbacks, such as off-target toxic-

ity, as the chemokines are not restricted to tumor sites, aswell as ineffi-

cient response, as chronic stimulation through the chemokine receptor

might also occur. Alternatively, recent reports demonstrated enhanced

antitumoral responsebyassociating aCARTcell immunotherapyalong

with specific approaches to increase chemokine expression within

tumors. An approach employing CAR T cells along with an oncolytic

vaccinia virus engineered toproduceCXCL11, aCXCR3 ligand, showed

higher efficiency in recruiting CAR T cells and control tumor progres-

sion in comparison to the viral therapy alone. Moreover, the authors

also demonstrated comparatively that an approach by engineering

those CAR T cells to produce CXCL11 was not able to increase T

cell migration into tumoral site, despite the increased local chemokine

production.103

Additionally, immunosuppressive factors, such as PGE2 and adeno-

sine, are reported to be enriched in the tumor microenvironment of

solid tumors and exert potent inhibition of T cell functions, including
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migration and adhesion. As this inhibition is dependent on cAMP-

dependent protein kinase A (PKA) activation and its recruitment to

the immune synapse by anchoring to the membrane protein ezrin, an

interesting approach by targeting intracellular determinants of such

an effect was envisaged to improve CAR T cell activity.104 Blockage

of PKA-ezrin interaction, by employing the “regulatory subunit I

anchoring disruptor” (RIAD), restricted the cAMP/PKA-mediated

immunosuppression and the engineered CAR-RIAD T cells carry

increased antitumor activity in vivo, when compared to CAR T cells.

Noteworthy, CAR-RIADT cells also showedhigher baseline expression

of CXCR3 and the adhesion molecule CD49d, a finding that might

be, respectively, correlated with their increased CXCL10-driven

chemotaxis and adhesion to fibronectin and VCAM-1.104 This report

is pivotal in highlighting intracellular determinants of T cell function as

potential targets to engineer enhanced efficacy for CAR T cell therapy.

Besides these modulatory strategies on chemotaxis, it is impor-

tant to point out the regional delivery of CAR T cells as a potential

approach to surmount the obstacles for T cell migration toward the

target tumor.105,106 By increasing the efficacy of CAR T cells to target

solid tumors, such an approachmight also limit their off-tumor toxicity.

In fact, both experimental and clinical studies indicate effective action

of locally delivered CAR T cells against brain tumors.107-110

6 IMPORTANCE OF PRECLINICAL MODELS

IN ASSESSING CAR T CELL DYNAMICS

One of the key challenges in the field of cancer immunotherapy,

including CAR T cells, is to develop relevant models to test and predict

the efficacy and safety of cell products.111 As stated earlier in our

review, migration largely contributes to the efficacy of CAR T cells but

can also lead to toxicity, underlining the need of relevant models to

track engineered lymphocytes. Historically, in vitro approaches and

mouse tumor models have been extensively used to study CAR T cell

migration.

Cell culture methods typically rely on cancer cells or immortalized

cells grown within artificial environments admixed with CAR T cells.

Although in vitro cell culturemodels do not integrate the complexity of

the tumor environment, they possess a number of advantages. In par-

ticular, they are easily amenable to imagingmicroscopy and, in this con-

text, several reports described the dynamics ofCART cells during their

contact with tumor cell lines.43,44,112 It is expected that such models

combined with high-resolution microscopy will particularly be useful

to provide insights on the structure of the immune synapse.

Efficacy of CAR T cells is usually tested in mice harboring tumors.

The model of choice is the transfer of human CAR T cells in a highly

immune-compromised NOG/NSGmouse (NOD/SCID/ IL-2R𝛾−/−) pre-

viously transplanted with a human cancer cell line. These models have

the benefit of verifying the potency and antitumor activity of engi-

neered T cells by monitoring the size of the tumor during the treat-

ment. Regarding CAR T cell migration, such models have been used

to monitor lymphocyte bio-distribution noninvasively using clinical

imaging modalities (e.g., with positron emission tomography reporter

gene).113 A key limitation of these xenografted models is a lack of

immune cells and components that presumably take an important

part in controlling the trafficking of CAR T cells. Recently, there has

been a marked effort to develop more relevant mouse models to test

immunotherapy products. In this regard, humanized mice harboring

tumors have been successfully used to evaluate CAR T cell toxicity.114

In addition to xenografted models, studies in immune-competent

mice with murine CAR T cells have been conducted. Combined with

intravital two-photonmicroscopy techniques, they have unraveled the

behavior of CD19 CAR T cells in time and space.45,115 Nevertheless,

although these models provide very valuable information, they do not

always recapitulate human biology. For example, the murine immune

system, including its composition and phenotype, differs from that in

humans. This is important when one deals with toxicities associated

withCART cells, which have been largelymissed in immunocompetent

mousemodels.116

Beyond murine models, embryonic zebrafish xenografts have

recently been proposed as an alternative for preclinical evaluation

of CAR T cells.117 Zebrafish embryos are permissive to human cell

transfer including tumor cells and T cells. Because of their size

and transparency, they appear particularly suited for tracking the

motility and killing activities of CAR T cells with high resolution and

high throughput.

Additionally, 3D models, including organoids, are increasingly

popular these days. They usually consist of purifying cancer cells

from a fresh human biopsy, followed by an aggregation step. Their

use in testing immunotherapy reagents, including CAR T cells, is

fast-growing.118-120 They are patient specific, easily cultured several

weeks and amenable to dynamic imaging microscopy. However, they

usually lack the structure observed in human carcinomaswith compact

tumor islets surrounded by a stroma.

Traditionally established by neurobiologists to study neuronal elec-

trical activities in brain slices, organotypic models have been imple-

mented to monitor the dynamics of immune cells, first in lymphoid

organs and then in tumors.56,121,122 Although the structure of the

tumor ismostly preserved, onedrawback is thedifficulty to keep tumor

explants several days in culture limiting the range of possibilities.

7 CONCLUDING REMARKS

CAR T cell therapy has revolutionized the treatment of patients with

hematologic malignancies but not with solid tumors. Several different

limitations to achieving a durable remission with CAR T cell therapy

have recently been put forward. Here, we have reviewed the impor-

tant advances recentlymade in the studyofCARTcell trafficking, high-

lighting the presence of obstacles that prevent engineered T cells from

reaching cancer cells.Wehave also presented exciting approaches that

are currently under development to increase the migration of CAR T

cells into and within tumors with the overall objective of developing

therapeutic cell products endowedwith controlled potency and safety.

Despite considerable progress, many fundamental questions

remain to be answered. For instance, what is the kinetic of tumor cells
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entry into tumor sites and tumor cell killing? What is the minimum

amount of target antigens for CAR T cell recognition? Are CAR T cells

able to kill multiple target cells? We believe that all these questions

will be approached through the development of proper and relevant

preclinical models and innovative imaging technologies.

Another area of future investigations concerns the use of CAR

T cells besides tumors. Engineered T cells have also been recently

applied in the fields of autoimmune diseases and fibrosis.123 How

CAR T cells manage to migrate in these different environments is an

open question. Whereas fibrotic sites might mimic tumors in terms

of defective T cell migration, inflamed tissues might, in contrast, favor

lymphocyte navigation.

We believe that all these issues and questions will be approached

through the development of proper and relevant preclinical models,

gene editing technologies, such as CRISPR-Cas9 method,124 and inno-

vative imaging technologies.
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